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The Cat’s Eye Nebula
J.P. Harrington and KJ. Borkowski, NASA
Three thousand light-years away, a dying star throws off shells of glowing gas. This image 
from the Hubble Space Telescope reveals The Cat's Eye Nebula to be one of the most complex 
planetary nebulae known. The term planetary nebula, used to describe this general class of 
objects, is misleading. Although these objects may appear round and planet-like in small 
telescopes, high-resolution images reveal them to be stars surrounded by cocoons of gas blown 
off in the late stages of stellar evolution, [http://antwrp.gsfc.nasa.gov/apod/ap991031 .html]
The Quran, the holy book of the Muslims mentioned this phenomenon over 1400 years ago:
*ji>“  füJÜI (JjiS
Quran (55): Surat ar Rahman
37. When the sky is tom apart, so It was (Iflce) a red rose, like ointment
38. Then which of the favours of your Lord will you deny ?
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Abstract
During the past few years, a worldwide interest and unanimous consensus has arisen on 
personal communication services (PCS), where satellites can play a cracial role in a global 
scenario for the provision of PCS’s all over the world. While for maritime and aeronautical 
communication services, the mature technologies of geostationary eaith orbit (GEO) satellite 
systems seem the most suitable for present and future enhanced systems, other orbital 
configuration such as low earth orbit (LEO) and medium earth orbit (MEO) are being 
considered for the provision of satellite personal communication services to hand-held 
mobile terminals. One of the main objectives of personal communication services is the 
capability to provide personal (or continuous) mobility, communication anytime, anywhere. 
In general, satellite systems can provide a limited capacity with respect to terrestrial 
networks, nevertheless they are particularly suited in order to cover large terrestrial areas 
offering a scarce amount of traffic.
The problem of radio frequency management for mobile applications has been addressed by 
World Administrative Radio Conference (WARC-92). One of the most relevant decisions 
taken at WARC-92 was to allocate the radio determination satellite system (RDSS) 1610-
1626.5 MHz (L-Band) and 2483.5-2500 MHz (S-Band) slots to LEO satellite services on a 
worldwide, primary basis. This enables “big LEO’s'' to have a reasonable amount of 
spectrum (i.e. capacity) to serve a substantial number of subscribers. However, the available 
amount of spectmm at L-band and S-band out of WARC-92 appears hardly sufficient to 
permit several systems to operate. Hence, to enable all the systems to operate and fulfil the 
capacity demand, S-PCNs need to share the limited available frequency spectmm.
In this thesis we have proposed and evaluated a new fully overlapped band sharing scheme 
for mobile satellite systems operating in a land mobile satellite channel environment. The 
results show that the mobile satellite systems can share the limited available bandwidth. 
However, the overall system capacity of the MSS has been reduced due to excess inter­
system interference. In order to reduce the excess inter-system interference a new enhanced 
overlapped band sharing protocol is proposed. The performance of this optimised band 
sharing scheme outperforms the conventional band segmentation scheme. Thus, achieving 
superior overall system capacity.
IV
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Chapter 1
1. Introduction
1.1 Background
Since the mid 1970’s the only form of satellite communication available was using the satellites 
in a geostationary orbit. In early days of satellite communications, it was only available to fixed 
point. However, a limited mobile communications was available to ships, aircrafts and land 
vehicles. In the past few years, demand for global communication means that there has been a 
rush of research towards the realisation of global personal communication networks that can 
provide reliable, ubiquitous and cost effective communication services to mobile users using a 
small light weight hand held mobile terminal. The power requirement of geostationary orbits 
make it difficult to provide mobile services to small handheld terminals in this orbit, hence the 
use of Low Earth Orbit (LEO) at altitudes of about 1,400km and Medium Earth Orbit (MEO) at 
altitudes of about 10,300km. The LEO and MEO satellites will require less power to establish a 
communication link between the mobile terminal and the satellite because the distance to earth 
is lower. As the Mobile Satellite System (MSS) terminals are often power limited the use of 
LEO and MEO satellites will have an important influence on the size and cost of the terminals. 
The use of mobile satellite communications can provide a communication service in rural and 
suburban regions where terrestrial cellular communication services are presently non-existent.
Unfortunately with such a high number of users and higher user bit rates expected, these 
systems aie not expected to meet the capacity demands. Hence as a result a third generation 
system known as the “Universal Mobile Telecommunication System” (UMTS) is also being 
developed (also known as Universal Mobile Telecommunications (UMT), Future Public Land 
Mobile Telecommunication System (FPLMTS) and International Mobile Telecommunications 
2000 (IMT2000)). Its aim is to satisfy the need for telecommunication services of a large 
number of users in different environments. The objectives are to integrate and provide services 
such as paging, wireless telephony, traffic systems, etc. which at the moment are being 
provided by different systems.
Systems planned or in operation MSS are Iridium, Globalstar and ICO. All of these systems 
either use low eaith orbit or medium earth orbit. The cost of the system is directly related to the
type of orbit used (i.e. at higher altitudes, fewer satellites are required). The choice of orbit 
used will determine the overall cost of the system.
The size of the mobile tenninal limits the gain of the omni directional antenna. Due to limited 
bandwidth, frequency re-use must be employed in order to provide as many channels as 
possible. All systems have been designed and propose to provide channels by means of satellite 
spotbeams. Spotbeams are used in order to improve gain to small mobile receiver and also to 
provide by way of frequency re-use. As the bandwidth is limited, the MSS must consider 
sharing the spectrum with other systems. Hence there is a need to model the effect of 
interference between different MSS systems. This project involves implementing a model for 
interference for the following set of scenarios using the Code Division Multiple Access 
(CDMA) scheme:
» Intra-system interference for conventional band segmentation scheme.
• Inter-system interference for new fully overlapped band sharing scheme.
1.2 Motivation
The planned systems or in operation MSS aie Iridium, ICO and Globalstar. The S-PCNs are 
proposing to use either S-band (2483.5-2500 MHz) or L-band (1610-1626.5 MHz) for uplink 
and downlink to provide worldwide services. These bands were allocated to the MSS on a 
primary basis at the 1992 World Administrative Radio Conference (WARC-92). The first two 
systems propose to use a Time Division Multiple Access (TDMA) scheme and the latter Code 
Division Multiple Access (CDMA) scheme. The scarcity of free spectmm, together with the 
bandwidth typically required, means that the mobile satellite system must consider sharing 
spectmm with other systems and services. CDMA based multiple satellite systems can co-exist 
in the same frequency band due to their inherent interference resistant property. CDMA 
systems aie relatively tolerant to co-channel interference due to their inherent processing gain 
and interference from CDMA systems to nanow band systems is minimised by spectmm 
spreading.
The demand for global communication “any where, any time” will be high. Hence, to fulfil the 
capacity demand the number of Mobile Satellite Systems will increase. To enable all the 
systems to operate, MSS need to share the limited available frequency bandwidth. Only sharing 
with other MSS can the systems be able to operate. Hence, sharing will be an important 
criterion for the future of global communications using mobile satellite systems.
1.3 Research objectives
Design, evaluation, comparison and analysis of the most optimum band sharing protocol for the
mobile satellite systems operating in a land mobile satellite channel environment is our ultimate
objective. Considering the issues discussed in the previous sections, four main research areas
have been identified within the band sharing framework:
• Interference analysis for the MSS: Development of a new model for the multiple access 
interference that takes into account all possible sources of interference. The model will 
evaluate the effect of intra- and inter-system interference on the carrier to interference ratio. 
The performance of the earner to interference will be measured under perfect and imperfect 
power control conditions.
• Capacity of the MSS: Using the multiple access interference models developed, the upper 
bound capacity of the MSS will be calculated. The effect of Intra- and inter-system 
interference on the system capacity will be evaluated.
• Band sharing between MSS: To efficiently use the limited available bandwidth and 
maximise the system capacity, new band sharing schemes will be proposed to overcome the 
received intra- and inter-system interference. Therefore achieving the optimum system 
capacity.
1.4 Original achievements
The novel achievements can be outlined as follows:
• Derivation of upper-bound capacity for S-PCNs.
• Development of a state of art Interference Model for interference analysis and performance 
comparison of non-geostationary mobile satellite systems.
• Development of a new wide band real time Land Mobile Satellite Channel (LMSC) model.
« Evaluation and analysis of mobile satellite diversity.
• A new band sharing technique for MSS.
• A novel enhanced band sharing technique to over come interference.
1,5 Outline of the thesis
The rest of this thesis is organised as shown in Figure 1-1.
Chapter 2
Mobile Satellite 
Systems
Conclusions
Chapter 7
Chapter 3
CDMA for non- 
geostationary S-PCNs
Chapter 4
Land mobile 
satellite channel
Chapter 6
Optimum capacity 
of S-PCNs
Chapter 5
Band sharing 
schemes
Figure 1-1: Structure of thesis
Chapter 2 reviews the non-geostationary mobile satellite constellations. Methods of designing 
the non-geostationary constellations have been highlighted. The two mobile satellite systems, 
LEO-48 constellation and MEO-12 constellation have been discussed. The coverage, delay and 
Doppler statistics of these satellite constellations are presented and discussed. The properties of 
the mobile terminal antenna and satellite multi-spotbeam antenna (MBA) that are used for the 
MSS are given.
Chapter 3 presents the advantages of using Code Division Multiple Access (CDMA) scheme 
for MSS. The upper bound capacity of the CDMA system has been developed. The advantage 
of using RAKE receiver for multipath combining has been discussed. The results of the satellite 
diversity are presented to overcome fading and shadowing caused by the land mobile satellite 
channel.
Chapter 4 presents the wide band mobile satellite channel. The channel is the most important 
characteristic in considering the performance of any mobile satellite system. The model uses 
the extracted data from the real measurements. Satellite diversity is provided to improve the 
performance and availability of service. Hence, a four state Markov model has been presented, 
which represents the condition of the two mobile satellite channels incorporating the azimuth 
correlation between the two channels.
Chapter 5 proposes the band sharing schemes for the CDMA based non-geostationaiy mobile 
satellite systems. The multiple access interference models have been developed for each of the 
proposed schemes. The effects of received inter-system interference in different channel 
conditions are presented.
Chapter 6 presents the performance evaluation and comparison of the band sharing schemes. 
Results of the earner to interference, intra- and inter-system interference are presented. The 
optimum capacity achieved in presence of intra and inter-system interference is calculated for 
the required quality of service. The effects on system capacity under imperfect power control 
are studied. The performance of the mobile satellite constellation for different number of 
spotbeams and variation in carrier bandwidth are also discussed.
Finally, chapter 7 concludes the dissertation, highlighting the major contributions of this work 
and discussing proposals for future work, in the band sharing research area.
Chapter 2
2. Mobile Satellite Systems
This chapter introduces new constellations of satellite that are to be used for mobile personal 
communication services. These new MSS will provide communications in conjunction with 
terrestrial networks to both developed and developing areas of the world where there is little or 
no telecommunications infrastructure or where it is not economically viable to offer teiTestrial 
coverage due to low population density. Initially, a brief overview of the MSS is presented with 
design methods used for satellite constellations. The chapter then continues with the description 
of the current and planned mobile satellite systems, focusing on their choice of satellite 
constellation design. It briefly presents the major issues related to mobile satellite systems, 
discusses its requirements and highlights the state of the art developments that are being 
discussed in the UMTS Forum for next generation systems. The rest of the chapter gives an in 
depth analysis of the two systems that are presented.
2,1 Introduction
A demand for global communication for mobile users needs the use of constellations of non- 
geostationary orbits to provide mobile satellite services. Until now only satellites in the 
geostationary orbit have been used for mobile satellite communications. The use of Low Earth 
Orbits (LEO) at altitudes of about 1,400km and Medium Earth Orbits (MEO) at altitudes of 
approximately 10,300km are used for the following reasons [MARA91][PELT92]:
• The geostationary orbit is reaching saturation point.
• The effective isotropic radiated power (EIRE) requirement of geostationary orbits make it 
difficult to provide mobile services to small handheld terminals in this orbit, hence using 
LEO and MEO satellites will require lower EIRP to establish a communication link between 
the mobile terminal and the satellite because the distance to eaith is shorter. As the MSS 
terminals are often power limited the use of LEO and MEO satellites will have an important 
influence on the cost of the system.
• One of the main advantages of the LEO and MEO orbits is their capability to provide high 
signal level on the surface of the earth with equivalent EIRE. This arises from a low free 
space loss in the path of signal propagation, due to the small distance between the satellite 
and a receiver on the ground.
• High signal level at the receiver permits the use of low gain antennas without reducing the 
carrier to noise ratio to an unacceptable level. A low gain antenna is an essential 
requirement for the design of hand-held terminals.
• Personal telecommunications has become essential to modern business. Hence, the increase 
in number of mobile users requires more capacity and consequently more satellite 
communication networks.
• Mobile satellite communications can provide a communication service in rural and suburban 
regions where terrestrial cellular communication services are presently non-existent.
• And finally the multiple satellite deployments from a single launch are now cost-effective.
In the present world of second-generation systems, different combinations of services and 
environments are provided by different operators. The third generation systems. Universal 
Mobile Telecommunication System (UMTS), are envisaged as providing for a wide variety of 
personal communications services, including voice, data, facsimile, electronic mail etc. to users 
in every conceivable circumstances, indoor or outdoor, from dense urban environments 
(including offices) through suburban to remote rural environments and on land, sea and in the 
air. Its aim is to satisfy the need for telecommunication services of a large number of users in 
different environments, “communication to everyone, evejywhere” [WEBB96].
The planned systems or in operation MSS are Iridium, ICO and Globalstar. The S-PCNs are 
proposing to use either S-band (2483.5-2500 MHz) or L-band (1610-1626.5 MHz) for uplink 
and downlink to provide worldwide services. Figure 2-1 shows the spectrum allocation for the 
MSS. These bands were allocated to the MSS on a primary basis at the 1992 World 
Administrative Radio Conference (WARC-92) [WARC92]. Due to limited bandwidth, 
frequency re-use must be employed to increase system capacity. All systems have been 
designed and propose to provide channels by means of satellite spotbeams. Spotbeams are used 
in order to improve gain to small mobile receiver and also to provide by way of frequency re­
use. All of these systems either use low earth orbit or medium earth orbit.
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Figure 2-1: Spectrum allocation for MSS
2.2 Satellite constellation design methods
There are several design methods for finding optimum satellite constellations (i.e. satellite 
constellation containing minimum number of satellites but providing coverage of desired 
quality). The two main types of design techniques are as follows:
• ‘Rosette constellation’ or ‘delta pattern’ and
• ‘The street of coverage’ design method.
The following design techniques consider only circular orbits of the same altitude and 
inclination. These conditions will simplify the design procedure and hence indicate that all 
satellites will operate in a similar environment. The performance of a real constellation will 
always be slightly lower than expected due to various perturbations affecting the satellite orbit. 
The number of satellites required to provide global coverage depends on orbit altitude and 
inclination angle. A minimum number of satellites can be found for various combinations of 
inclination angle and altitude. Both techniques will give slightly different results.
2.2.1 Rosette constellation
The first class of constellations are those studied by Walker and Ballard [WALK84][BALL80]. 
The name given to the constellation by Walker is ‘Delta Pattern’ and divides this into sub­
classes: the ‘Sigma Pattern’ and the ‘Omega Pattern’. These constellations are inclined phased 
constellations. On the other hand Ballard studied, what he calls the ‘Rosette Constellation’. The 
only difference between the Delta Pattern’ and ‘Rosette Constellation’ lays in the definition of 
Walker’s phasing between two satellites in adjacent planes. Ballard introduced the notation 
(N,P,m) which is used to designate a rosette constellation having a total of N satellites, in P 
orbital planes, and with a harmonic factor m. If m is a simple integer, a constellation having one
satellite in each of N  planes is being referred to. If m is an unreduced ratio of integers, a 
constellation having Q satellites in each of P planes is being refeiTed to, where Q is the 
denominator of m. The relationship between Ballard’s harmonic factor m and Walkers factor F 
is shown in Equation 2-1. The two definitions are equivalent. Both authors have worked out the 
arrangements for low number of satellites. Particularly Ballard has shown that ‘Rosette 
Cnstellation’ is efficient if less than 20 satellites are considered for the mobile satellite systems.
F  =  m S Equation 2-1
where:
S : is the number of satellites per orbit plane.
2.2.2 Street of coverage
The ‘street of coverage’ is another possible method to achieve constellation design. This design 
was originally developed by Luders [LUDB61]. The main idea is to represent the area 
continuously covered by one orbit plane. If there are sufficient numbers of satellites in orbit 
with their coverage areas overlapped, then this creates a zone of non-stop coverage through the 
satellites motions. Now, if the satellites are distributed equally in one orbit plane, then the 
intersection points of adjacent coverage ai*eas belonging to the same orbital plane give the street 
of coverage width. Figure 2-2 illustrates the scenario. The axis of street of coverage is formed 
by sub-satellite points location during the motion on the celestial sphere. The street of coverage 
method does not take into account the rotation of the earth and therefore it only provides a tool 
to find the best efficiency in coverage with a given number of satellites.
Coverage Area Overlap
Figure 2-2: Continuous street of coverage
2.3 LEO-48 Satellite constellation
The LEO-48 system is the Globalstar constellation [WIED93, DIE97] that is essentially the 
same as Walker’s constellation consisting of 48 satellites in LEO orbit. Table 2-1 shows the
parameters of the LEO-48 satellite constellation. There are eight orbital planes, each with six 
equally spaced satellites. All orbits are circular, with 52 degrees inclination. The satellites are 
at an altitude of 1414km above the earth, which corresponds to an orbital period of 114 
minutes. The eight planes are equally arranged about the equator, with their ascending nodes 
spaced 45 degrees apart. There is a 7.5 degrees phase shift for satellites in adjacent planes. 
Figure 2-3 shows the earth coverage of the LEO-48 constellation
Figure 2-3: Satellite Coverage of LEO-48 Constellation
Table 2-1: LEO 48 Constellation
Parameters Values
Constellation type LEO (inclined)
No. of sat. in constellation 48
No. of orbital planes 8
No. of sat. per orbital plane 6
Altitude (km) 1,414
Inclination angle (deg) 52
Orbit period (minutes) 113
Min. Elevation angle (deg) 10
No. of antenna beams/sat. 19
User uplink freq. band L-Band
User downlink freq. band S-Band
Link to ES (gateway) C-Band
Multiple access scheme CDMA
Other characteristics: -provides dual diversity
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2.3.1 Coverage and availability
Figure 2-4 presents the multiple satellite coverage provided by the LEO-48 constellation. The 
figure shows the percentage of time that multiple satellites are in view as a function of latitude. 
It can be seen that up to 4 satellites are visible in some areas of the earth. The LEO-48 
constellation system design provides 100% single satellite coverage between ±70 degrees 
latitude and 100% dual satellite visibility to the region between 25 and 50 degrees north or 
south latitude. The dual satellite coverage is still provided for over 83% of the time below these 
latitudes, in the equatorial regions. The figure also shows that the LEO-48 constellation does 
not provide true global coverage but is optimised to cover the areas of the earth where the 
capacity is expected to be high.
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Figure 2-4: Satellite availability
Figure 2-5 shows the mean elevation angle of the two highest satellites visible in the LEO-48 
constellation. The LEO-48 constellation has mean elevation angles of 40 degrees and 20 
degrees for highest satellite and second highest satellite visible, respectively. It can be seen in 
the figure that the mean elevation angle statistics peak around the latitudes corresponding to the 
inclination angle of the constellation.
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Figure 2-5: Mean elevation angle of two highest satellites
2.3.2 Delay and Doppler statistics
Figure 2-6 and Figure 2-7 shows the variation in delay and rate of change of delay as the 
satellite moves from overhead (minimum delay at an elevation angle of 90 degrees) to the edge 
of satellite coverage (maximum delay at minimum elevation angle of 10 degrees), respectively. 
Figure 2-7 also shows that the rate of change of delay is minimum when the satellite is 
overhead and is at its maximum when at the edge of coverage. Hence, the user in the outer 
beams will experience large delay difference and higher free space loss.
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Figure 2-6: Delay variation
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Figure 2-7: Rate of change of delay
Figure 2-8 shows the variation in un-compensated and compensated Doppler frequency shift. 
The Doppler compensation is done by calculating the Doppler frequency shift to the centre of 
the satellite spotbeam in which the mobile terminal is in. The transmitter frequency is pre­
compensated with this known position. Hence, the receiver experiences only the residual 
Doppler frequency shift. The variation in compensated Doppler is due to the position of the 
receiver within the satellite spotbeam. Doppler can be perfectly compensated if the position of 
the receiver is known. Doppler shift as high as ±48kHz are experienced without compensation 
and up to maximum of ±27kHz with compensation. Another interesting thing to notice from the 
graph is that the Doppler frequency shift is maximum at the edge of satellite spotbeam without 
compensation. Whereas, Doppler frequency shift is minimum with compensation. Hence, 
Doppler tracking will be easier with compensation in the outer satellite spotbeams. Figure 2-9 
shows the rate of change of Doppler. The graph shows that a maximum of ±250Hz/s Doppler is 
experienced by the receiver at the centre of satellite spotbeam.
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2A MEO-12 satellite constellation
The MEO-12 system [RUSC92, SPIT93] uses a constellation of twelve Medium Earth Orbit 
(MEO) satellites at an altitude of approximately 10,354km for an optimum design in terms of 
number of satellites needed to provide global coverage. The MEO-12 systems parameters are 
tabulated in Table 2-2. There are three orbital planes with four evenly spaced satellites per 
plane. All orbits are circular and have an inclination of 50 degrees. The three orbital planes are 
evenly arranged about the equator, with the separation in ascending nodes equal to 120 degrees. 
The phasing angle between planes one and two is 60 degrees and between planes one and three
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is 30 degrees. The orbital period at this altitude is 5.98 hours, which corresponds to a resonant 
orbit (the orbit time is an integer division of a sidereal day). Hence, the satellite ground track is 
repetitive. This will ease the design of station keeping, as the ground track of earth coverage 
will be repeated daily. Figure 2-3 shows the landmass coverage area of the MEO-12 
constellation
Table 2-2: MEO 12 Constellation
Parameters Values
Constellation type MEO
No. of sat. in constellation 12
No. of orbital planes 3
No. of sat. per orbital plane 4
Altitude (km) 10,354
Inclination angle (deg) 50
Orbit period (minutes) 360
Min. elevation angle (deg) 20
No. of antenna beams/sat. 19
User uplink freq. band L-Band
User downlink freq. band S-Band
Link to ES (gateway) Ka-Band
Multiple access scheme CDMA
Other characteristics: - resonant orbit period (23hrs 
56mins 4secs)
Figure 2-10: Satellite coverage o f MEO-12 Constellation
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2.4.1 Coverage and availability
The plot of Figure 2-11 shows the availability of satellite for the MEO-12 constellation with 
latitude. The graph shows that full earth coverage is provided (true global roaming) with at 
least one satellite visible all of the time and two satellites visible for a large percentage of the 
time depending on the location. A third satellite is also available occasionally.
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Figure 2-11: MEO-12 satellite constellation availability
Figure 2-12 shows the mean elevation angle of the two highest satellites available. The MEO- 
12 constellation provides very good visibility with mean elevation angles of 50 degrees and 30 
degrees for the highest satellite and the second highest satellite, respectively.
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Figure 2-12: Mean elevation angle o f two highest satellites
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2.4.2 Delay and Doppler statistics
The plots in Figure 2-13 and Figure 2-14 shows the variation in delay and rate of change of 
delay as the satellites moves away from overhead. The receiver experiences link delay (satellite 
to terminal) of approximately 34.5ms when the satellite is overhead to 44.8ms when the 
satellite is at minimum elevation angle of 20 degrees. The delay of the MEO-12 constellation is 
considerably more than the delay of LEO-48 constellation, however, it is still much less than 
the GEO satellites. Synchronisation of MEO-12 constellation will be simpler as the rate of 
change of delay is lower than that of LEO-48 constellation.
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Figure 2-15 shows the variation in un-compensated and compensated Doppler frequency shift. 
The following Figure 2-16 presents the rate of change of Doppler. It can be seen in the figure 
that the Doppler shift is significantly lower than that of LEO-48 constellation The Doppler shift 
of MEO-12 constellation is much lower than LEO-48 constellation, due to higher orbit (longer 
period). The Doppler shift after Doppler compensation is reduced significantly and is very 
small in the outer spotbeams. It can be observed in the graph that the Doppler compensation 
reduces the maximum Doppler from ± 14.5kHz to under ±4kHz.
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2-5 Satellite spotbeam model
Mobile satellite systems employ multi-beam antennas (MBA). The design of having multiple 
spotbeams within the satellite footprint in a CDMA based system is to increase the total 
capacity of the system by limiting the number of interfering users to those inside each 
spotbeam. Therefore, multi-beam antennas provide an increased gain to the mobile terminal, to 
re-use frequencies on all satellites and can be used as an interference cancellation method. The 
antenna radiation pattern in each beam is shaped to compensate for the path loss difference 
caused by the slant range differences from the satellite to the mobile terminal. This design 
provides an isometric radiation flux density on earth within each beam (isoflux antenna). 
Spotbeams are arranged in hexagonal rings of cells. The numbers of spotbeams in a cluster 
consisting of n  rings is given in Equation 2-2.
AT - 1  + 6»(« + l)
2
The number of spotbeams chosen by the system is governed by the gain required by the 
satellite, the capacity and the complexity. The satellite antenna half-angle beam width is 
inversely proportional to the antenna diameter. The empirical relationship can be approximated 
by Equation 2-3.
210  ~  —— (Degrees) Equation 2-3
jCL
Where;
f : frequency in GHz 
d : antenna diameter in m
The gain of a circular spotbeam is given in Equation 2-4 [WERT91]. The gain calculated using
the equation is approximately within 25% for beam widths of less than 150 degrees.
4 4 . 3 - 1 0  i o g ( 0 ^  )  ( d B )  Equation 2-4
The roll-off gain of the antenna from the peak gain is given in Equation 2-5.
^ a jfs e t  -  12
f  Equation 2-5
(dB)
Where:
0 : half power beam width, degrees
e : pointing error from the centre of beam, degrees
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Spotbeam models shown in Figure 2-17 and Figure 2-18 are for LEO-48 constellation and 
MEO-12 constellation, respectively. These models will be used in the simulations for the 
interference and system capacity for each of the mobile satellite constellations.
m
Figure 2-17: LEO-48 constellation spotbeam model
Figure 2-18: MEO-12 constellation spotbeam model
2.6 Mobile terminal antenna
The mobile terminal antenna is a crucial part of the communication link since the relative 
position between the user and satellite changes continuously. Therefore, the antenna must have 
shaped radiation pattern with hemispherical coverage (omni-directional). The mobile terminal 
antenna must fulfil the requirement of the S-PCN, such as circular polarisation, small, wide 
bandwidth and possibly be able to operate with terrestrial systems (dual-band capability).
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Quadrifilar helix antenna (QHA) provides all the requirements of the antenna for the S-PCN. 
Figure 2-19 shows the gain patterns of a quadrifilar helix antenna [AGIU96],
The following Figure 2-20 and Figure 2-21 present the quadrifilar helix antenna off-axis gain 
with variation in elevation angle for the LEO-48 and MEO-12 constellation, respectively. The 
minimum elevation angle of the LEO-48 and MEO-12 constellation is 10 and 20 degrees, 
respectively. Therefore, quadrifilar helix antenna for the LEO-48 and MEO-12 constellation 
has 3dB beam width of 160 and 140 degrees as shown in the figures, respectively.
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Figure 2-19: Omni-directional mobile terminal antenna radiation pattern
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Figure 2-21: MEO-12 mobile terminal ojf-axis gain
2.7 Summary
In this chapter the mobile satellite system using the non-geostationary orbit satellites for 
personal communications have been presented. All the different services are expected to be 
provided from a network in which satellite, mobile and fixed networks will co-operate to 
provide a totally transparent global communications environment. These systems will provide 
true global roaming communication “communication to everyone, everywhere".
The design and performance characteristics of the Satellite Personal Communication Networks 
(S-PCNs) were reviewed. Two S-PCNs, LEO-48 and MEO-12 constellation were described.
22
The coverage characteristics of the two constellations were shown and other important features 
of the S-PCN were presented. These two S-PCNs will be used in the later chapters for 
interference analysis and performance of the proposed band shar ing protocols.
A qualitative comparison between the different satellite orbits is given in Table 2-3 [WILL96]. 
The table gives the advantages and disadvantages for each type of orbit. The most expensive 
and the most complicated system is the one whose satellites are in LEOs. The satellites in the 
LEO are rotating rapidly. Hence, the synchronisation process requires complex facilities, which 
is almost unnecessary in the case of GEO satellite systems. However, because only LEO 
satellite systems offer the advantage of low propagation delay and free space loss compared to 
other systems, that makes them good candidates for a future global personal mobile 
communications network.
Table 2-3: Comparison between the three satellite orbits
Orbit LEO MEO GEO
Space segment cost Highest Medium Lowest
System cost Highest Medium Lowest
Satellite lifetime (years) 5 to 7 10 to 12 10 to 15
Terrestrial Gateway cost Highest Medium Lowest
Overall system cost Highest Medium Lowest
Round-trip time delay Medium Medium Longest
Elevation availability Poor Best Restricted
Operational complexity Complex Medium Simplest
Call handover rate Frequent Infrequent None
Building penetration Limited Limited Vei*y Limited
Wide area connectivity Inter-satellite links Good Cable connectivity
Development time Longest Medium Shortest
Deployment time Longest Mediumi Short
Satellite technology Highest Medium Medium
Transceiver type/ Dual mode/ Dual mode/ Dual mode/
Gain Omni Omni >3 dB
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Chapter 3
3. Code Division Muitiple Access for Sateiiite
Code Division Multiple Access (CDMA) is claimed to exhibit high capacity in comparison 
with Time Division Multiple Access (TDMA) scheme and Frequency Division Multiple Access 
(FDMA) scheme. This chapter discusses the CDMA scheme with its advantages and 
disadvantages compared to TDMA scheme and FDMA scheme. The upper bound capacity of 
the CDMA scheme is derived for direct sequence code division multiple access scheme (DS- 
CDMA).
3.1 Introduction
The multiple access technique that is of interest for this project is Code Division Multiple 
Access (CDMA). A well-established technology that has been used In militaiy communications 
so far, but has been applied recently to digital cellular radio communications. This technique 
allocates a ‘unique’ PN code or Gold code to each user and each user is isolated from other 
users at the discriminator. Due to the nature of transmission, there is inherent interference 
between the users. However, this is overcome by the use of codes that have low cross 
correlation between them. There are two basic types of CDMA techniques used:
• Direct Sequence (DS-CDMA): The canier is modulated by a data sequence combined with a 
PN code sequence termed a signature whose individual element is termed a chip [LAM91]. 
A chip is much shorter than a information symbol constituting data sequence. The PN code 
is chosen to facilitate demodulation of the transmitted signal by the intended user and to 
make demodulation by an unintended user as difficult as possible. DS-CDMA systems are 
relatively strong against multipath interference and can accomplish high resolution ranging.
« Frequency hopped CDMA (FH-CDMA): The frequency of the data modulated carrier is 
shifted sequentially within a set bandwidth [MARA93]. According to the period of hopping, 
it is categorised as slow frequency hopping (SFH, one hop per symbol) or fast frequency 
hopping (FFH, many hops per symbol). Each earner frequency is chosen from a set of 
frequencies that are spaced by roughly the width of the data modulation spectrum. The PN 
code is called the hopping pattern in this case and does not directly modulate the carrier, but 
instead is used to control the sequence of the cairier frequencies. FH-CDMA systems are 
relatively robust against partial band jamming.
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The technique that is most commonly used and of interest is the DS-CDMA. This technique is 
also known as spread spectrum where a narrow band signal of bandwidth W is transformed into 
a signal of much larger bandwidth B, by multiplying the nanow band signal with high chip rate 
unique PN code. The ratio of the B/W is called the spreading factor or processing gain 
(typically 10^  to 10*^ ). The power spectral density of the spread spectmm signal also decreases 
by this factor.
At the receiver the incoming aggregate signal looks similar to Additive White Gaussian Noise 
(AWGN). Once locked onto this signal, the wanted signal can be extracted from this noise by 
using its unique binary code. Received signals with other codes and jammer are spread by 
receiver and act as noise. The amount of noise generated depends on autocorrelation and cross 
correlation of the codes. This leads to one of the useful properties of CDMA, in that the wanted 
signal can be recovered from not only the system self noise (i.e. other users) but also from 
thermal noise and other external interferences.
3.2 Synchronous and asynchronous transmission
The two basic methods used for transmitting/receiving CDMA are asynchronous and 
synchronous CDMA. In an asynchronous CDMA system a user can transmit information with 
no particular regard to the state of his unique chip sequences. Hence mutual interference is 
unavoidable in asynchronous CDMA. In synchronous CDMA, a master code is broadcasted to 
all the users in the system. This master code allows every transmitter to synchronise their 
binary codes and helps the receiver to acquire the wanted incoming binary code. Since all the 
transmitters are synchronised, the cross conelation products of their codes are kept to a 
minimum and so system self noise is minimised. Therefore, the system capacity for the 
synchronous system is maximised whereas that of the asynchronous systems is reduced. 
However, in a synchronous system there is penalty paid for synchronising the system.
3.3 Maximum capacity of the CDMA
Consider a DS-CDMA system, with m received carriers all of equal power C. The useful carrier 
power at the receiver input is therefore C. If Ef, is the energy per information bit and /?/, is the 
information bit rate then we have:
C =  E^ Rf^  Equation 3-J
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The total noise power density (thermal and interference noise) at the receiver input of 
bandwidth B is given by the sum of the system self noise power density generated by (m-1) 
users and the thermal noise power density:
No = { m - l ) C I B  + NOjfi Equation 3-2
Using equations 1-1 and 1-2:
Equation 3-3No Norp^ i + (m ~ 1)C / B
For a given Ei/N q and assuming thermal noise Noth is negligible compared with self noise and 
approximating that the carrier power is flat, the maximum number of simultaneous accesses 
ttt-niax me.
1 a / a *
^ n i a x  - 1 +  ^  Equation 3-4/ I\o
This equation shows that the maximum number of simultaneous accesses is inversely 
proportional to Ei/N q, This means that a drop in system performance can accommodate an 
increase in capacity without changing any other system paiameters.
The throughput of a multiple access strategy is defined as the ratio of the total actual channel 
capacity to the potential channel capacity. The total actual channel capacity is equal to the 
maximum number of users multiplied by each users information rate (m„,axRh)- The potential 
channel capacity is given when a single carrier, not using spread spectmm occupying the entire 
bandwidth B. Assuming modulation spectral efficiency of Ibits/s.Hz, then the potential channel 
capacity is (Rc=B Hz x Ibit/s.Hz). The throughput, Tj, of a CDMA system is therefore given 
by:
-  Equation 3-5
The throughput of both time division multiple access (TDMA) and frequency division multiple 
access (FDMA) systems are given in [MRA93]. Comparing the throughput of the CDMA with 
TDMA and FDMA shows that:
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• The throughput of TDMA is always considerably higher than that for CDMA. This is
due to the fact that TDMA is only losing potential network capacity when traffic is not
being transmitted and overhead time (i.e. guard times and header information) are 
small.
• For a small number of accesses, FDMA throughput is higher than that of CDMA.
However, for a laige number of accesses FDMA throughput can be lower than that for
CDMA.
3.4 Channel Coding
In order to improve the reliability of communications and to reduce the required Ey/No, 
information bits are normally protected using a forward error coiTection (FEC) coding scheme. 
A common method of evaluating the performance of a coding scheme is the “free distance” of 
the code. The free distance of the code can be used to obtain the maximum number of bit errors 
the code can correct without failing. It can be seen from Equation 3-4 that by reducing the 
required Et/No, the capacity of the CDMA system can be increased. Hence, by using a good 
coding scheme will improve spectral efficiency.
3.5 Power control in CDMA
A  further fundamental problem that must be addressed when using CDMA is that of power 
control. It was assumed that in an ideal CDMA system, every transmitted signal would have the 
same transmitted power at the receiver input. This assumption was used to derive the CDMA 
capacity equation in the earlier section. From this equation it can be seen that system capacity is 
inversely proportional to Ei/N q, which is related to canier power. Therefore, as the required 
Ei/Nq increases the systems maximum capacity falls. In a real system, received signal strength 
will vary from user to user due to following factors:
o Transmitter power control (all HPA's will not be identical, hence transmitter power will 
vary).
• Transmitter antenna gain variations as a function of user position (edge of coverage or 
in the centre beam).
• Geographical effects due to variations in free space path loss.
• Signal fluctuations due to fading, blockage and shadowing.
• Rain fading.
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To overcome these factors and to equalise as far as possible all signal caiTier powers at the 
receiver, some fonn of power control at each transmitter must be implemented. Using power 
control, the capacity of the system can be increased by forcing all users to appear at the receiver 
at equal power levels. This results in efficient use of the transponder power. In the case of non- 
orthogonal CDMA, power control is necessary to minimise the effects of self-interference. 
Power control is not required for TDMA or orthogonal CDMA for interference control, but is 
desirable to improve system capacity. Thus in a CDMA system, it is a requirement that:
• Some method of monitoring its power flux density (PFD) employed and
• Adjustable transmitter output power is available.
This can be achieved by having power control. There are two basic methods used for power 
control measurements. The accuracy with which the up path power is controlled is of great 
importance in a CDMA system for maximising the system capacity. This accuracy depends on 
the accuracy with which the power control error can be measured and the accuracy with which 
the transmitter power can be controlled.
3.5.1 Open loop power control
In an open loop power control measurement, a beacon signal transmitted from the satellite 
continuously at a constant level is monitored and the transmitter power control is set according 
to variations in this beacon signal. This signal can also be used to acquire and track the wanted 
signals frequency and code. This method only works in an environment that exhibits slow fades 
(i.e. shadowing effects and free space path losses). In a fast fading environment (i.e. frequency 
selective effects), this method of power control is not suited. The fading on the uplink usually is 
uncoiTelated with that on the downlink. That is, the signal on the downlink experiences 
different fading variations than that of the transmitting signal from the user on uplinks.
3.5.2 Closed loop power control
In a closed loop power control, the link performance is measured at the receiver station (for 
example value of C/N or E i/ N q) .  Then power control information is transmitted back to the 
mobile terminal using the return link. The mobile terminal receives the control information and 
acts accordingly by varying its transmit power. Since a feedback loop exists, there will be 
associated delay, which means that the power control information that was sent back may no 
longer be valid. However, the received information is relatively accurate even if it is old. 
Hence, this information can be used in a predictive system where it is processed to give an 
estimate of the current situation.
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3.6 Multipath diversity
In hostile propagation environments, most communication systems employ various diversity 
techniques to combat fading. In wideband CDMA systems, the multipath environment can be 
exploited through RAKE receiver. The diversity method employed here is used to receive the 
information signal transmitted over L independently fading paths. This is a unique feature of 
the CDMA referred to as multipath diversity. The diversity technique uses the fact that deep 
fades will seldom occur on two independent channels at the same time. Statistically, if p  is the 
probability of one signal fading below a specified value, then for a multipath system, is the 
probability that all L independent paths will fade below the specified value at the same time. 
This type of diversity can be implemented using a signal that has a bandwidth greater than the 
coherence bandwidth {Be) of the channel. If the signal bandwidth is W, (i.e. W > Be) then the 
multipath components will be resolvable. The receiver will have several independent faded 
signals all carrying the same information. The number of resolvable signal components can also 
be expressed in the form of the coherence bandwidth, W/Be . Therefore, the use of a wideband 
signal over a fading multipath channel offers a frequency diversity of the order L -W /B e .
3.6.1 RAKE Receiver
The optimum receiver diversity technique for the recombining of the signals received over L 
independently fading paths is called the RAKE receiver. The RAKE receiver is employed in the 
CDMA system as a form of diversity, that is capable of resolving and coherently summing the 
individual paths of a time varying multipath fading channel. Hence, Rake receiver is used to 
combat the effects of propagation in order to improve the system performance. The basic 
configuration of the two arm RAKE receiver is shown in Figure 3-1.
Received
Signal EstimatedSymbolsX|. From [ho PN;, PN, pilot-1 scanner
Complex Conjugate 
Channel Impulse Response, 
from CHKST-1
X,, From the PN;, PN, 
pilot-2 scanner
RAKE, Finger 1
Despreading
Complex Conjugate 
Channel Impulse Response, 
from CHEST-2
Figure 3-J: Two arm RAKE receiver
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Where T, and Ti are the estimated delays of each path, PNj and PN^ are the locally generated 
inphase and quadrature spreading sequences respectively and CHEST is the channel estimator. 
The received signal that contains the information from the L paths is fed to each finger of the 
RAKE. Each finger of the RAKE delays the despreading code by an amount equal to the delay 
of the associated path (i.e. for the second path, with a delay of 12 chips relative to the line-of- 
sight path, the RAKE must delay the code in order to synchronise the correlation process). The 
autocorrelation properties of the code ensure that only the desired signal is at the output of the 
correlator, all of the other signals will have been spread and will appear as noise. Each signal is 
summed in the combiner and resultant signal is then fed to the demodulator.
3.6.2 Satellite Diversity
In non-geostationary satellite channels, the delay spread is typically less than 100ns [VUCE90]. 
Hence, the coherence bandwidth of the satellite multipath channel is at least 10 MHz. This 
means that any CDMA system designed to make constructive use of spreading to combat 
multipath would have to be spread by an amount greater than lOMHz. Although it appears that 
when CDMA is applied to the mobile satellite channel it loses its most important advantage 
(i.e. the capability to resolve and combine the different paths), it should be realised that this 
path delay can be artificially introduced in the form of satellite diversity. This would ensure 
that the difference in the arrival times of the signals from the two satellite transmitting to any 
given mobile is greater than the duration of one chip of the spreading sequence, hence, allowing 
effective employment of RAKE combining architecture. Figure 2-2 shows the dual satellite 
diversity scenario.
Figure 3-2: The dual diversity scenario
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3.6.3 Diversity gain
The satellite diversity gain is calculated for the LEO-48 constellation. The two signals arriving 
from the two satellites at the RAKE receiver are firstly separated and time compensated with 
respect to the earliest received signal and then added constmctively using maximal ratio 
combining (MRC). Figure 3-3 depicts the maximal signal to noise ratio combining technique. 
The received signal power level is estimated for each of the receiver and then the phase- 
corrected demodulator outputs are weighted in direct proportion of the received signal strength 
(square root of the signal power level). The satellite diversity gain of the LEO-48 constellation 
is dependent on the availability of dual satellite diversity and the behaviour of the channel. 
Thus the gain will vary according to constellation dynamics (satellite geometries). Figure 3-4 
shows the variation in satellite diversity gain with time at the mid latitude of 40 degrees. Mean 
satellite diversity gain at latitude 40 degrees is approximately 5.3dB, for maximal ratio 
combining. Also note that a minimum and maximum diversity gain of 3.47dB and 7.41dB is 
achieved at 40 degrees latitude, respectively. Figure 3-5 presents the mean diversity gain 
achieved with latitude.
WEIGHT WEIGHT
Receiver Receiver
Figure 3-3: Maximal ratio combining
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Figure 3-5: Mean satellite diversity gain
3.7 Advantages of CDMA over TDMA and FDMA
Due to multiple access interference (MAI) and the near/far effect, CDMA may have lower 
capacity than the TDMA and FDMA. However, in the mobile communications environment, 
CDMA provides outstanding advantages over TDMA and FDMA. Hence, these advantages 
enable us to obtain much higher capacity by using CDMA than TDMA and FDMA. Some of 
the common reasons for employing CDMA scheme are as follows [DIX094, VITE94, VITE95]:
• Soft capacity is achieved. If the maximum numbers of users are increased, the quality 
of the CDMA system drops gradually. This in turn increases the capacity temporarily
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but with higher bit error rate (BER). Or an increase in external interference can be 
easily traded off for a reduction in the capacity of a CDMA system whilst still 
operating at the required link quality and without changing the system parameters,
CDMA is robust to multipath fading. Since CDMA system can distinguish the signal of 
interest from multiple delayed replicas by inherent diversity. Mulipath interference can 
be effectively suppressed without the need of an equaliser. Furthermore, multiple 
delayed replicas are exploited to increase the carrier to noise ratio by a RAKE receiver.
Universal frequency re-use, where each spotbeam uses the same set of earners. This 
novel frequency re-use scheme is possible due to the multiple access capability to 
distinguish the desired signal from multiple access interference arising from the users 
in the same frequency bandwidth. Universal frequency re-use scheme provides mobile 
units with seam less connection at the edge of spotbeam coverage by soft handover.
Using voice activation in mobile CDMA systems also gives an increase in the networks 
capacity. In a typical call, a subscriber is only talking for half of the call time on 
average. Hence, the data is transmitted only during talk-spurt periods and no data is 
transmitted during silence periods. In this manner, the aggregate signal power 
fluctuates around its mean. As the number of users accessing the channel gets larger, 
the standard deviation of the aixived power is proportional to the square root of the 
number of users, whereas its mean is linearly proportional to the number of users. Then 
the ratio of the mean to the standard deviation for the arrived signal power at the 
receiver varies over a relatively narrow range as more users access the channel. 
Therefore, CDMA system is relatively simple to implement and allows simpler network 
control than either TDMA or FDMA.
CDMA signals are more tolerant than either TDMA or FDMA signals to co-channel 
interference. At the receiver the wanted signal is de-spread and the co-channel 
interference (unwanted signal) is spread by the same process. The spreading of the co­
channel interference makes it look like wide band noise, most of which is rejected by 
the receiver filter.
CDMA reduces mobile terminals transmitted power spectral density. A DS-CDMA 
system spreads the baseband spectmm over a large bandwidth. The reduction in power 
spectral density is equal to the processing gain of the CDMA. This is a very useful 
property of CDMA system, since the energy of nairow band signal is dispersed, the 
wideband signals cause little interference to other narrow band users. Therefore CDMA 
and narrow band system (for example TDMA) can co-exist.
33
• CDMA signals perform better in a fading/shadowing environment due to its lower 
sensitivity to multipath. Multipath signals at the receiver after correlation will appear as 
more system noise,
• In a power-limited system, CDMA is the best technique to use because of its inherent 
advantage of low transmission power density.
3.8 Summary
In this chapter an introduction of the CDMA access scheme was presented and its features 
described. CDMA access scheme has many advantages over the traditional TDMA and FDMA 
access schemes when used in S-PCNs. The upper bound capacity of the CDMA system was 
derived. It was shown that the capacity of the CDMA system is inversely proportional to the 
required Ey/No. The satellite diversity gain was evaluated for the LEO-48 constellation. By 
using satellite diversity, the system can combat fading/shadowing.
One of its significant features to be exploited is its potential ability to co-exist with other wide 
band systems (i.e. CDMA has an inherent resistance to co-channel interference). Using this 
overview as a starting point, band sharing between CDMA based non-geostationary S-PCNs 
will be presented in the later chapters. Multiple access interference equations and algorithm 
will be derived for the band sharing schemes.
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Chapter 4
4. Land Mobile Satellite Channel
In this chapter we introduce a wide band land mobile satellite channel. The model uses the 
results of the wide band measurements carried out by the Centre for Communications Systems 
Research. Results of the campaign from DLR are also used to derive a state of the art dual 
satellite land mobile satellite channel that is capable of simulating any environment. The land 
mobile satellite channel is a very hostile environment for mobile use. The shadowing and 
fading losses can be as high as 20dB. In order to overcome these losses, dual satellite diversity 
is employed as well as satellite spotbeams to increase the gain,
4.1 Introduction
The propagation effects are very important for mobile satellite system (MSS) in order to 
characterise the channel. The channel plays an important role in the system design to ensure 
that there is an adequate link margin to counter act the fades. A great deal of attention has been 
given to propagation in built up areas for MSS. The propagation channel for MSS differ in 
contrast to fixed satellite service, due to local environment and obstruction of buildings in built 
up areas. Although line-of-sight (LOS) signal may be present for most of the time at high 
elevation angles, degradation due to multipath and more importantly shadowing of LOS will 
restrict link reliability. Hence at the mobile terminal the received signal r(t) may consist of 
three components [PARS92]:
r(t) = a(x)l(t) + s(t) + d(t) Equation 4-1
where:
l(t) ; is the LOS signal which is subject to shadowing and blockage.
a(x) : is the attenuation of LOS due to shadowing, which depends on the kind of obstruction
in the signal path.
s(t) : specular reflected components from the ground.
d(t) : scattered components from the local environment.
Therefore these components need to be examined in order to allocate adequate link margins for 
fade/shadow losses. This margin will enable designers to design system to give good error
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performance. However, the fade loss is dependent on the kind of local environment the user is 
in which are urban, suburban or rural. The amount of shadow loss is also a function of a 
elevation angle. Employing space diversity if the user is in the visibility of two or more 
satellites can reduce the link margin in the link budget.
4.2 Channel model
A channel model replicates the actual characteristics of a channel. When a mobile user moves 
through the environment, the signal received by the user is blocked time to time due to 
obstructions such as trees and buildings around the user. This leads to a large drop in the signal 
strength known as the shadowing effect. In the proceeding sections of this chapter, the 
shadowed and the non-shadowed case are referred to as bad and good state, respectively. The 
bad and good durations are measured in terms of distance for a required environment. The 
measured values are incorporated within a two state Markov model for a single satellite link 
and a four state Markov model for a dual satellite link. Within any given states, there are signal 
strength variations due to the multipath effect.
Very fast variation 
4, 1 ^ue to multipath Very slow variation
I Good state
I tI  Slow variation I Correlation 
Cje^ission threshold I distjmce
fof bad arid good ^tâtê
I !
I I
I I
Transition*rdgion from 
good state to bad state
Bad state
Distance or Time 
(assuming velocity of the mobile is constant)
Figure 4-1: Sample received signal envelope
Figure 3-3, shows the sample received signal envelope in a land mobile satellite channel 
[FONT97]. In order to model the channel, the following scenarios has been taken into 
consideration:
• State change statistics.
• Characteristic of the signal in the transition region between the good and the bad states.
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• Slow shadowing variations within the bad state are mainly caused by obstructions of 
the LOS as the MT moves within a given operational environment. The log-normal 
shadowing is characterised by a mean, standard deviation and an effective correlation 
distance, all dependant on the operational category.
• Fast variation due to the multipath and the frequency selective propagation channel.
There are several different models that have been developed so fai*, which include the CCIR 
model, the CEFM model and the MERS model for range of elevation angles. These models 
show that, as the elevation angle to the transmitting satellite increases, the attenuation due to 
shadowing and multipath from the surrounding obstacles tend to reduce.
4.2.1 CCIR model
The CCIR model [CCIR86] is based on the measurements taken by Hess [HESS80] from the 
ATS-6 satellite during 1980 in or near nine cities of the Western and Midwestern parts of the 
USA. The model is valid in the range between 19° - 43° elevation angle. The attenuation for the 
link is estimated by the following equation:
M = 12.5 + O .llf  - OJlip + K (6.4~LI9f -0.058^) Equation 4-2
where:
M : Link attenuation (dB)
f : Frequency (GHz)
(j) : Elevation angle (degrees)
K : The percentage of locations for which the link is better than a specified level.
The K values are: K(50%) = 0 K(90%) = 1.3
K(95%) = 1.65 K(99%) = 2.35
The CCIR model is straight forward and much easier to use, but at high elevation angles 
(outside the range of values), the model predicts rather pessimistic link values. Therefore the 
model does not represent a true picture of link degradation at high elevation angles.
4.2.2 Merged empirical roadside shadowing model
The merged empirical roadside shadowing model (MERS), similar to empirical fading model to 
the CEFM has been developed which merges high elevation angle measurements from various 
propagation campaigns with the ERS model [SFOR93]. The MERS model covers the same
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range of path elevation angles, with percentage optical shadowing from 35° to 85°. The model 
was obtained by curve fitting the measured cumulative fade distributions and is given by:
F = —A  ln(P) + B Equation 4-3
The coefficients A and B are as follows: 
A = L 1 1 7 x ] 0 -^ ^ '-0.0701^ + 6.1304
B = 0.0032 (j)^  - 0.6612(j) + 37.8581 Equation 4-4
where:
F : fade attenuation (dB)
P : percentage fade exceedance
(j> : elevation angle in degrees.
The MERS model was derived from measurements taken at L-Band, therefore requires 
frequency-scaling factor to obtain results in other frequency bands.
4.2.3 The combined empirical fading model
The combined empirical fading model (CEFM) for L and S bands have been developed 
covering elevation angles in the range 20° to 80°. The model combines the empirical roadside 
shadowing model (ERS) [GOLD92] and the empirical fading model (EFM) [PARK93] derived 
from the results of a naiTow band propagation campaign. This model improves the existing 
CCIR model and gives better estimation of the channel at high elevation angles.
The ERS model has been derived empirically from the propagation database corresponding to 
L-Band measurements taken in and around central Maryland, USA. The measurements were 
obtained over total distance of 640km covering path elevation angles of 21°to 60° for different 
channel conditions. The ERS model is only applicable to L-Band, hence need a scaling factor to 
get the channel estimation for S-Band and care must be taken in using it for higher elevation 
angles. The EFM model is a high elevation angle model which has been derived from 
cumulative fade distributions of helicopter - mobile propagation measurements at (L and S 
Bands) taken in around the Guildford area, UK. The measurements obtained covered path 
elevation angles of 60° to 80°.
The CEFM combines the two models to give channel attenuation for range of elevation angles 
covering from 20° to 80° for L and S bands. The CEFM model takes the form similar to that of 
the other two and is given by:
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M  = A lnfPj + B Equation 4-5
The coefficients A and B aie as follows:
A = 0.002 f  - 0.15<p - 0.7 - 0.2f
B = 27.2 ^  1 .5 f - 0.33<l, E<,ua,ion4-6
where;
M : is the attenuation for a specified link outage probability.
P : link outage probability in the range 1 % to 20%.
f : L or S band frequency in GHz.
( j )  : elevation angle in degrees.
4.3 Amplitude distribution
In a cellular, land mobile radio channel can be modelled as Rayleigh with its local mean 
following a log-normal statistics and its phase distributed uniformly. For a land mobile satellite 
channel, there is generally a line-of-sight (LOS) component present due to high elevation angle 
as well as multipath. This channel is usually modelled as Rician, that is, a constant component 
from LOS signal plus multipath. This means that the model will have two states:
• Unshadowed state (good channel state): a clear LOS signal path between the 
transmitter and receiver exist, where a Rician probability distribution is assumed.
« Shadowed state (bad channel state): no LOS signal path between the transmitter and 
receiver, where a Rayleigh probability distribution is assumed for the multipath fading 
with a log-normal probability distribution assumed for the slow shadowing process 
being superimposed.
The overall probability density of the received power is obtained by combining the above 
probability distributions with an appropriate time-share shadowing factor.
4.3.1 Rayleigh fading channel
Obstruction of the path by trees, buildings and other objects causes the signal strength to fall. 
When shadowing is present, it is assumed that there is no LOS signal and that the multipath 
fading (scattering from buildings etc.) has a Rayleigh characteristics with short term mean 
received power So. The probability density function of the received power is;
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Equation 4-7
where:
So : mean received power
S : received power
4.3.2 Rician fading channel
In a more open environment where no shadowing is present; the road surface is the only 
significant scatterer and LOS signal is present, the observed amplitude distribution is not 
Rayleigh. Here the multipath signal is superimposed on the direct LOS signal from the satellite, 
with the total received signal amplitude forming a Rician process. The received power S  obeys 
a Rician probability density function.
PRice (S) = c exp[- c{s + l)]/o {2c^U) Equation 4-8
Where:
c : is the direct to multipath signal power ratio.
Io(.) : is the modified Bessel function of the order zero,
4.3.3 Log-normal fading channel
Local mean variations of a mobile channel and shadowing caused by foliage (terrain effects, 
surrounding stmctures etc.) are usually modelled as log-normal fading process [L0085]. The 
slow shadowing process results in a time vaiying short term mean received power So for which 
a log-normal distribution is:
10 1 -exp (lOlogio20-^ Equation 4-9V2ÆŒln(lO) S q 
where:
p : is decrease in mean power level (dB)
O" : is the variance of the power level due to shadowing
4.3.4 Land mobile satellite fading channel
In order to get the resulting probability density function of the received signal power, the 
densities of Equation 4-7 to Equation 4-9 must be properly combined (i.e. the channel model is
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given by the combination of these). This assumes that the LOS component under shadowing is 
log-normally distributed (no shadowing Rician distributed) and that the multipath effect is 
Rayleigh distributed. Therefore the resulting probability density function is given by:
P{S) = (1 -  , (s)+aJ {S \ Xw (5o M Equation 4-10
where:
A : is the time share shadowing factor.
4A  Wideband propagation modei
Figure 4-2 shows a generic model which depicts both line of sight and the non line of sight 
wideband channel models and allows chaiacterisation of most of the situations and 
environments.
s(t)
E,(t)
Figure 4-2: Multipath Channel Modelling
The first tap in the model (Figure 4-2) represents the direct path component and the other taps 
represent reflected components (echoes). Delays T i ,  Tg, X 4... and fading paiameters Ei(t), 
E2(t),... are changing parameters depending on the MT speed and the operational environment. 
Measurement campaigns have shown that a number of near echoes appear in the close vicinity 
of the receiver within a maximum time interval of Te ( 0<Tk <Tg ) as shown in Figure 4-3. The 
number of near echoes has a Poisson distribution and the delay distribution follows an 
exponential distribution as shown in Equation 4-11 and Equation 4-12, respectively [JAHN96].
Equation 4-11
1 Elk
n x p (A * )= -« ‘ " Equation 4-12
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The mean power of near echoes is exponentially decreasing:
S{r) = Soe^^ Equation 4-13
dB dB dB 
d  = <5.10.1og(g)
Where:
5 : is a constant
Given a mean echo power S(x) for a fixed delay t, the amplitude a^ ”^ k of the near echoes will 
vary around this mean according to a Rayleigh distribution with 2cr= S(x).
The wideband satellite channel model has been developed based on actual recordings at L and
S-band. The full set of parameters for L and S-band are given in Appendix C. Analysis of the 
results generally show delay spreads of 100ns or less. At higher elevation angles and open 
environments there are not many multipath components. As far as multipath is concerned, low 
elevation angles of the urban environment have been found as the most hostile environments. 
Figure 4-3 shows the power-delay profile of one such urban environment at 45 degrees. It can 
be observed that even in the urban environment (45 degrees), all the resolvable echoes aiTive 
very close to the LOS signal. It can be seen in Figure 4-3 that no more than 2 major reflections 
are encountered in this particular case. Furthermore, the average powers in the reflected 
components are generally about 15-30 dB below the average power of the LOS component. 
Nevertheless, at lower elevation angles the LOS is significantly attenuated resulting in much 
higher reflected powers (relative to the LOS). The LOS has been found to have a Rician fading 
and the reflected components a Rayleigh distribution.
The degree of variation between direct and reflected components is defined as K-factor 
or Rician factor. The K-factor is defined as:
iS: =  1 0 1 o g (A )/^ ,) Equation 4-14
where:
A" : power of the line of sight signal
2 o" : mean power of the signal due to reflected components only
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Figure 4-3: (a) Measured power delay profde (b) 2D power delay profile
4.5 Lutz land mobile satellite channel
4.5.1 Markov model
As the mobile terminal moves from one location to another, the environmental properties 
change. Hence, a model with varying parameters represents the received signal. This type of 
model is known as non-stationary. Although the channel characteristics vary over large areas, 
propagation experiments have shown that channel characteristics remain constant over areas 
with identical environmental features. Therefore a land mobile satellite channel can be 
modelled with constant parameters over these areas. A channel model for a large area of 
interest can be modelled by a finite state Markov model [VUCE92].
In a Markov model, the whole area of interest is divided into M  different areas with constant 
environmental characteristics. Then M  stationary channel models represent each of M  areas. 
Particular channel states are characterised by one of the models, Rician, Rayleigh or Log­
normal. The transition probability matrix describes the probability of a mobile terminal moving 
from one state to another. During each state the mobile terminal is in, the transition 
probabilities are assumed to be constant. The probability of switch from one state to the next is 
dependent on the time a mobile terminal was in present state and the elevation angle (i.e. at 
high elevation angles, probability of satellite visibility is high).
The most well known two-state Markov model has been proposed by Lutz [LUTZ96] for the 
channel model. Figure 4-4 shows a two-state Markov model for a land mobile satellite channel. 
The good channel state represents the line-of-sight (LOS) case when the satellite is clearly
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BB
Figure 4-4: Two state model for a land mobile satellite channel 
The state transition probabilities matrix is presented in Equation 4-15.
[p]= GGL^BG
P,GB
BB
GG
Equation 4-15
From the measured good and bad duration, the transition probabilities Pbg and Pqb are 
calculated [LUTZ91]. The transition probabilities vary with time according to the elevation 
angle of the satellite and the environment in which the mobile terminal is located.
^BG — RDr ^GB — RD. Equation 4-16
Where: 
V
Dg 
Db 
R
: velocity of the mobile terminal (m/s) 
: Good duration (m)
: Bad duration (m)
: transmission rate (bits/s)
Another very important parameter that can be derived is the time-share of shadowing, A.  This 
corresponds to the time-share when the signal is unavailable due to shadowing and is related to 
the durations Dq and Db by:
A = D g + Dg Equation 4-17
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4.5.2 Correlated satellite channel model
Satellite diversity can be employed as an effective tool for combating shadowing. Hence, 
improving the reliability of the communications link and achieving higher service availability. 
However, in realistic diversity scenarios, some correlation between the shadowing of the two 
satellite channel links exists depending on the azimuth separation angle, operational 
environment, constellation and the elevation angle. Figure 4-5 shows that the shadowing 
behaviour of the two channels between a mobile terminal and different satellites is mutually 
correlated. In order to take advantage the satellite diversity, the two satellite channels must 
exhibit negative correlation. That is if one of the channels is blocked by an obstacle, the other 
channel is in line-of-sight.
Rician Channel 
Second highest 
satellite LOS
Rayleigh Channel 
Highest satellite 
blockedAzimuthseparation
Figure 4-5: Azimuth correlation of shadowing
In order to be able to represent this accurately, fish-eye pictures of various operational 
environments have been taken. Figure 4-6 shows a fish eye picture of a typical environment. 
Through the use of edge detection algorithm, shadowing profiles have been extracted. The 
output of the edge detection algorithm is shown in Figure 4-6.
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Figure 4-6: Fish eye picture
The autocorrelation of the above shadowing profile provides the all important azimuth 
correlation coefficient, used to determine the shadowing likeliness of the two satellite channels. 
Figure 4-7 shows the azimuth correlation coefficient of the two satellite channels. It can be 
observed that the correlation decreases with increasing azimuth separation.
II
Figure 4-7: Correlation coefficient
In order to incorporate the azimuth correlation between the two satellite channels, the four state 
model proposed by Lutz [LUTZ96] was utilised. A four state Markov chain, describing the 
possible combinations of good and bad states of channels 1 and 2  can model the combined 
shadowing behaviour of the two land mobile satellite channels. In this model, we assume two 
separate land mobile satellite channels (statistically independent) with the addition of the four 
variables v, w, x  and y. These variables increase and decrease the transition probabilities 
(Equation 4-18) based on the azimuth correlation between the two channels. The range of the
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variables v, w, x  and y are limited by the requirement 0 ^  Py < 1, ÿ = 0.. .3. The variables v, w, x  
and y can be selected freely within their possible ranges. However, in order to have a single 
parameter for adjusting the correlation coefficient p, the variables v, w, x  and y are coupled 
through a scaling factor c.
P +
X — X —  X X
y - y - y y
V — V — V V
w — w — w w
Equation 4-18
The two channels used in the simulation are for the two highest satellites. If one of these 
satellites is shadowed, there is some chance for another satellite to be still in view of the user 
and maintain service. In this way, service availability can be substantially improved (the 
percentage of time when the service is available). Figure 4-8 shows a four state channel model 
and transition from one state to another. The channel states 1, 2 and 3 correspond to good 
channel, where at least one satellite is available; the bad channel state 0  represents a situation 
where the signal from both satellite is blocked by an obstacle in the propagation path. The 
probabilities of channel states 0, 1, 2 and 3 are given in Equation 4-19. Pq is the probability that 
both channels are shadowed at the same time (i.e. the service is not available) and Pj is the 
probability that both channels are in line-of-sight simultaneously.
Pq ~  A, (1 -  Ai ) .^A2(1 -  A j)
f , = A - P Q
P3  -  X + Pq -A^ - A 2
Equation 4-19
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Figure 4-8: Four state Markov model for two LMSC
4.6 Cross polarisation characteristics
The channel measurements were carried out to assess the cross polaiisation isolation between 
CO- and cross-polarised transmission using the Japanese ETS-V and Inmarsat-POR satellites 
[VOGE89]. The isolation at the different fade levels by defining the “equal-probability 
isolation” as the ratio of cross-polarised to the co-polarised signal levels were derived. Figure 
4-9 shows the cross polar isolation as a function of fading. It can be observed in the figure that 
the isolation between the polarisations reduces as the fading level increases.
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Figure 4-9: Cross polarisation isolation
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4.7 Summary
In this chapter a coiTelated dual satellite diversity wide band land mobile satellite channel was 
presented. The model incorporates the conelated four state Markov model proposed by Lutz 
and combines the low elevation angle measurements from [LUTZ91], high elevation angle 
measurements from [BUTT92] and the echo parameters data from [JAHN96]. This model is a 
most advanced channel model developed and has been used in a real time dynamic satellite 
channel emulator (SCE). The SCE was developed as part of the UMTS test-bed for the ACTS- 
SINUS project (Satellite Integration into Network for UMTS Services) [Appendix D]. The 
channel is the most important effect in the analysis and evaluation of non-geostationary mobile 
satellite systems. The quality of service provided by the system is directly related to the channel 
behaviour. Hence, the received power at the mobile terminal from the wanted satellite and the 
interference power from the adjacent users is directly proportional to the channel conditions.
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Chapter 5
5. Band Sharing tor CDMA based Satellite 
Systems
5.1 Introduction
The planned or in operation Mobile Satellite Systems aie Iridium, ICO and Globalstar, The S- 
PCNs are proposing to use either S-band (2483.5-2500 MHz) or L-band (1610-1626.5 MHz) for 
uplink and downlink to provide worldwide services. These bands were allocated to the MSS on 
a primary basis at the 1992 World Administrative Radio Conference (WARC-92). The scarcity 
of free spectrum, together with the bandwidth typically required, means that the mobile satellite 
system must consider sharing spectrum with other systems and services. The new systems must 
co-ordinate and use the available spectrum with other MSS. Hence, band sharing is very 
important for future systems to break into the market with existing MSS. It has been suggested 
that multiple satellite based CDMA systems can co-exist in the same frequency band 
[VOJC95]. All of these systems either use low earth orbit or medium earth orbit.
Several studies have been canied out on interference in non-geostationary satellite systems 
[BLON95, IZAD] and band sharing between non-geostationary mobile satellite systems 
[VOJC]. In [BLON95], a method for calculating self-interference in non-geostationary satellite 
systems is presented. The results of canier to interference ratio are based on self-interference 
due to frequency re-use. In [IZAD], development of a multiplayer interference analysis and 
simulation program, which is used to evaluate interference between non-geostationary satellites 
is discussed. In [VOJC], feasibility study of having multiple service providers share the same 
spectmm in transponder-type, satellite based, code division multiple access mobile 
communications have been carried out.
In this chapter, band sharing between CDMA based non-geostationary S-PCNs is introduced 
and different band sharing schemes have been proposed. A state of ait Interference Simulation 
Program (ISP) has been developed with an advanced land mobile satellite channel model. In the 
next chapter, the results of the performance of these proposed band sharing schemes will be 
presented and the total capacity achievable for different scenai'ios using the ISP will be 
quantified.
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5.2 Carrier to interference calculations
The objective is to establish the equations for the carrier to interference ratio (C/I), These 
equations will then translate into system capacity that can be accommodated when self 
interference from other codes in the same sub-band are included as well as the effects of beam- 
to-beam and satellite-to-satellite interference.
Once the link is set up between the mobile terminal and selected satellite spotbeam, the 
interference will be caused by the following:
• multiple access interference from other users in the coverage area (same spotbeam),
® interference from adjacent spotbeams (same satellite),
9  interference from other satellite spotbeams (all the satellites that are visible to the mobile 
terminal) and
9  external interference from other MSS sharing the spectrum.
The following assumptions for the C/I calculations are similar to those of [BLON95]:
9  Although a given mobile terminal may be in visibility of several satellites, only one link is 
used to support the connection. The selected satellite spotbeam is the one from which the 
mobile receives the maximum cairier power. This in turn, will enable the transmitter to 
transmit at minimum power.
9  The mobile antenna is omni-directional.
9  The communication links operate with a common margin. This means, the same received 
carrier power is available at the mobile receiver input whatever the mobile terminal in the 
satellite coverage area (i.e. the received canier power at the centre of each spotbeam is 
equal); and the same carrier power is available at the satellite receiver input whatever the 
satellite. Therefore power control mechanism is required which compensates for variations 
in distance and satellite antenna gain, depending on the location of the mobile terminal.
From this, using standard ITU-R formulas, the gains and free space path loss, interference 
levels can be calculated. The interference calculations are based on the resulting power density 
at the mobile terminal.
5.2.1 Conventional band segmentation scheme
In the conventional band segmentation scheme, the total available bandwidth is divided into sub 
bands. Figure 5-1 shows the available bandwidth segmented into two sub bands for the two
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LEO-48 and MEG-12 systems. Each MSS operates in its own sub band without interfering with 
each other. There are no overlaps of carrier from another system. Hence, only intra-system 
interference within the system is received from adjacent satellite spotbeams.
M E G  C a r r i e r  B a n dI. h O  L a m e r  B a n d
5 . 5  M H z  ---------------------------- ►  ^ ------------------------------  5 . 5 M H z
1 ! .0 MHz
Figure 5-1: Bandwidth allocation in a band segmentation scheme
The intra-system interference is caused by all the satellite that are visible to a mobile terminal. 
The amount of interference received from the satellite spotbeams is proportional to the 
percentage of overlap of spotbeams. Figure 5-2 shows the received carrier power and 
interference caused by various sources within the system. The intra-system interference is 
illustrated in Figure 5-3 and is caused by the following:
1 . users in the same spotbeam as the wanted user,
2 . users in adjacent spotbeams of the wanted satellite and
3. users in adjacent satellite spotbeams which are visible to the wanted user.
The interference caused by the users in the same spotbeam as the wanted user is negligible as
all the users in the same spotbeam are synchronised (very low cross correlation between the 
users), whereas the users in adjacent spotbeams of wanted satellite and users in adjacent 
satellite spotbeams have asynchronous transmission. However, interference from adjacent 
satellite spotbeams is dominant when the adjacent satellite footprint is overlapped with the 
wanted user and is reduced by the isolation of the spotbeam when outside the spotbeam area.
52
System A Satellite
System A Satellite .
X Multipleaccessinterference
Adjacent
satellite
interference
• -^System A Satellite
Adjacent 
spot beam 
interference X
Adjacent
satellite
interference
Figure 5-2: Multiple access interference in a band segmentation approach
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Figure 5-3: Sources of multiple access interference
The cairier C is the carrier power received at the mobile terminal.
C = Ptw^ tw ( ^ ) Equation 5-1L {d)P  am
The pseudo noise density loi , is the multiple access interference resulting from (m-1) 
interferers (i.e. m users are communicating simultaneously per carrier in each spotbeam) in the 
same spotbeam and can be written as:
I .  =
C ^(m -l)F ,(10)'o
B,
Equation 5-2
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The pseudo noise density I0 2 , is the beam-to-beam interference resulting from m interferers in 
each adjacent spotbeams assuming frequency re-use of T  and can be written as:
A. =
L{d)P^am 
CiamFjilO)^^ 
B,
Equation 5-3
The C/1 levels are added as thermal noise. The total interfering signal power is the sum of the 
received interference from ‘Nspot’ spotbeams of the ‘Nsat’ visible satellites in the interfering 
system. The resulting total C/I is written as:
Where:
Ptw
Pti
G tw(0 )
G ti(0 )
G r w (OC)
L(d)
Pe
m
A
F.
B.
,v=l k=\
Equation 5-4
: Wanted satellite spotbeam power 
: Interfering satellite spotbeam power 
: Wanted spotbeam gain in direction 0 
: Interfering spotbeam gain in direction 0 
: Mobile terminal antenna gain in direction a  
: Free space path loss
: Propagation effects which takes into account the shadowing/fading loss for 
the link which is a function of elevation angle and environment.
: Voice activity ratio
: Number of users per carrier
: Power control error (standard deviation)
; Correlation factor
: Sub-band bandwidth
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5.2.2 Conventional band segmentation scheme with adjacent polarisation
Using adjacent polarisation in the same bandwidth can further optimise conventional band 
segmentation approach. Figure 5-4 shows the available bandwidth segmented into two sub 
bands for the two LEO-48 and MEO-12 systems and then further carriers are allocated in the 
adjacent polarisation for each system using both left hand circular polarisation (LHCP) and 
right hand circular polarisation (RHCP). This will increase the capacity to some degree. It will 
not double the capacity as the MSS is power limited system. However, this means that mobile 
terminals need to have dual polarisation capability. This will complicate the design of the 
mobile terminal antenna and hence the complexity. Nevertheless, this is a viable option for 
MSS to increase its own capacity by utilising the bandwidth fully using the additional capacity 
in adjacent polarisation. In order to evaluate the system, the interference from users in adjacent 
polarisation need to be included in the overall system design. The adjacent polarisation 
characteristics of the received signal in two polarisation was characterised in chapter 4. The 
cross-polar discrimination of the antenna will reduce the interference received from adjacent 
polarisation.
Total Available Bandwidth
11.0 MHz
Single Polarisation 
RHCP or LHCP
Both Polarisation 
RHCP & LHCP
LEO Carrier Bands 
1.25 MHz
MEG Carrier Band
5.5 MHz ■
1
LEO Carrier Bands MEO Carrier Bands
1.25 MHz 5.5 MHz ■
1 RHCP 
LHCP
Figure 5-4: Carrier allocation in a band segmentation scheme with adjacent polarisation
The carrier Cw is the wanted carrier power received at the mobile terminal in the same 
polarisation.
Equation 5-5
L {d )P a m
55
The pseudo noise density louv, is the multiple access interference resulting from (m-1) 
interferers in the same spotbeam with same polarisation as the wanted user and can be written 
as:
_  C ,,,o (m -l)F |(10 )'°  Equation 5-6
"  g,
The pseudo noise density Io2w, is the beam-to-beam interference resulting from m interferers in 
each adjacent spotbeams with same polarisation as the wanted user, assuming frequency re-use 
of ‘ r  and can be written as:
^  _  T^Wl ^ TWl (^)
 ^ Equation 5-7
The total interference received in the same polaiisation as the wanted user carrier is the sum of 
the received interference from ‘Nspot’ spotbeams of the ‘Nsat’ visible satellites in the interfering 
system. The second term in the equation is the interference received from the users in the same 
spotbeam as the wanted.
[ 4 L
A ' = l  A = 1
Equation 5-8
The carrier Cadj is the carrier power received at the mobile terminal from users transmitting in 
the adjacent polarisation from each satellite spotbeam.
^  (^ )^ R w W  Equation 5-9
L{d)P^am
The pseudo noise density lo^dj, is the multiple access interference resulting from m interferers 
in the satellite spotbeam (i.e. m users are communicating simultaneously per carrier in each 
satellite spotbeam in the adjacent polarisation).
I  = Equation 5-10
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The total pseudo noise density IoAdj_Totai, is the beam-to-beam interference resulting from m 
interferers in adjacent polarisation in each spotbeam (Nspot) from all the visible satellites (Nsm)-
[/J Total Ï  Ï L ]
S=I k= l ^  s .k
Equation 5-11
The overall C/Ioveraii levels are the sum of all the interference from the users in the same 
polarisation as well as the users in the adjacent polarisation. The interference is calculated from 
all the satellite spotbeams that are visible to the mobile terminal, using both polarisations. The 
resulting C/I is shown in Equation 5-12.
Where:
XcPD
c '
L^j O vera ll Equation 5-12
Cross polarisation discrimination isolation
5.2.3 New fully overlapped band sharing scheme
The total available bandwidth is shared between the MSS. The external interference between 
the MSS is unavoidable as there is no co-ordination assumed between the two systems. To 
minimise the external interference between the systems, each system must control its 
transmitted carrier power by controlling the overall power flux density (PFD). Figure 5-5 shows 
the band shared approach with the available bandwidth fully overlapped with the LEO-48 and 
MEO-12 system carriers.
1.25 MHz M ►
LEO Carrier 
Bands
MEO Carrier 
Bands
5.5 MHz
11.0 MHz
Figure 5-5: Bandwidth allocation in a band shared scheme
Figure 5-6 shows the received carrier power and interference caused by various sources. The 
carrier power and internal interference are calculated as in band segmentation approach. The 
external interference caused by band sharing from the second system is calculated below.
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Figure 5-6: Multiple access interference in a band shared approach
The carrier power and intra-system interference (internal interference) is from the wanted 
system. The received carrier power of the wanted Mobile Satellite System from System A is 
computed as:
^  _  ^TW^TW (^ )
L {d )P a m
Equation 5-13
The pseudo noise density loiw, is the multiple access interference resulting from (m-1) 
interferers in the same spotbeam as the wanted user of the System A.
_ Cjy«(m -1)F,(10) Equation 5-14
The pseudo noise density lo^w, is the beam-to-beam interference resulting from m interferers in 
each adjacent spotbeams as the wanted user of System A.
L{d)P am
Equation 5-15
o,iv
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Intra-system interference is the total internal interference caused by the users in System A. The 
intra-system interference is received from ‘Nspot’ spotbeams of the ‘Nsat’ visible satellites to the 
mobile terminal in System A.
S^at.A S^pot,A
s= l t= ]
Equation 5-16
The inter-system interference (external interference) caused by band sharing from the second 
system (System B) is calculated as:
2 Equation 5-17A
However, if the carrier bandwidths of each system are different then there are two possible 
cases when considering bandwidth of the CDMA systems for interference analysis. In the first 
case, the wanted carriers noise bandwidth (Bi) is smaller than the interfering carriers noise 
bandwidth (B^). Therefore some of the interference will fall outside the wanted carriers 
bandwidth and can be discounted. So the interference received (I0 3 ) from the interfering cairier 
will be a fraction of the total external interference (I^ xt) caused by the second system.
r —^ L x T  Equation 5-18
In the second case, the wanted cairiers bandwidth (B,) is larger than the interfering caiTiers 
bandwidth (B2). Therefore, the number of interferers could fall within the wanted cairiers 
bandwidth. So the interference from the interfering earner will be increased by the number of 
carriers falling into the wanted carriers bandwidth:
T — . â - x /  Equation 5-19^  ^  ^ ext ^  carriers
The total inter-system interference is calculated from all the users in ‘Nspote’ spotbeams of the 
‘Nsat.A’ visible satellites of System B to the wanted mobile terminal in System A.
1=1 /=!
Equation 5-20
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The total interference power received is the sum of internal and external interference received 
from all the visible satellite spotbeams to a mobile terminal of interest.
\j- O ]?>;/«/ 1-^ 0 Equation 5-21
t^ Sai.A S^iioi.A
A — 1 A ' = l
• • i l l  - ■ r  -1 ^ S a i . B  ^ S i x i I .D  J- ,
v + l  S  [ v l + s  I  k lf=i /=i
The aggregate carrier to interference levels (C/It) is:
I .
'W
^ S a l  A  ^ S p o l .A  p  -, ‘^ S a l.B  ^ ''S p o l.B  p
v + S  I  [ v l + l  I  k l
A - = l  A = l
tX ^B
/= i  l= \
Equation 5-22
5.2.4 Enhanced overlapped band sharing scheme
This enhanced overlapped band sharing scheme is developed to overcome the inter-system 
interference caused by band sharing in the fully overlapped band sharing scenario. In this 
scheme, we use the adjacent polarisation for each system. One of the systems employs the right 
hand circular polarisation (RHCP) and the other left hand circular polarisation (LHCP). This 
way the inter-system interference is isolated by the cross-polar discrimination isolation of the 
mobile terminal antenna. Figure 5-7 illustrates the enhanced overlapped band sharing scheme 
and compares with the fully overlapped band sharing scheme. The number of carriers for each 
system are same in both cases.
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Figure 5-7: Carrier allocation in a band shared scheme with adjacent polarisation
The calculations of the intra-system interference (internal multiple access interference within 
the same system) are computed as in the new fully overlapped band sharing scheme (Section 
5.2.3). However, the inter-system interference (external interference from the System B) in this 
enhanced band sharing scenario is calculated as follows.
CE xt AdJ
ExtAdj
L{d)P^ani2
_A
^ E x t ^ ^ 2  E3 (10) X 
&
Equation 5-23
Again if the carrier bandwidths of each system are different then the inter-system interference 
will be reduced by the ratio of the carrier bandwidths of the two systems (B1/B2) or increase by 
the number of carriers falling within the wanted bandwidth of the system in adjacent 
polarisation. Therefore, the total inter-system interference received at the wanted mobile 
terminal for the two cases are shown in Equation 5-24 and Equation 5-25, respectively.
^ O^Ad! Q ^  ^  ^ 'Adj Equation 5-24
A A4, Equation 5-25
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The total inter-system interference is calculated from all the users in ‘Nspot.B’ spotbeams of the 
‘Nsat.A’ visible satellites of System B  to the wanted mobile terminal in System A.
S^pm.B
/=! Ml
Equation 5-26
The total interference power received is the sum of internal and external interference received 
from all the visible satellite spotbeams to a mobile terminal of interest. The first two terms in 
the equation correspond to inti'a-system multiple access interference from the wanted system. 
The third term represents the inter-system multiple access interference received by the wanted 
terminal from System B.
^^oXotal ~  l-^oXntra 'Inter, Equation 5-27
^ S m .A  ^ S p o t .  A S^al.B S^poi.B" a t. "  r  T " . ' spm.a p -i
X  + X  X  V o ,A d j \ i
i'=l A=I f=l /=1
The total carrier to interference ratio is shown in Equation 5-28, which includes both intra- and 
inter-system interference.
'W
^ S a t .A  ^ ^ i . A  p  -. ‘ fS a l .B  " S p o i .B  T 1
v + s  I  [ v l + x  I
t 'fsn I .  ^ .
S=1 A=1 f= l Ml
Equation 5-28
5.2.5 Inter-system interference due to band sharing
The amount of inter-system interference caused by band sharing is dependent on the visibility 
and the land mobile satellite channel conditions of the of the System B  satellites in the direction 
of the wanted mobile terminal. The overall carrier to interference ratio will be proportional to 
the received carrier power from the wanted satellite and hence the channel conditions of the 
wanted mobile terminal. There aie four states of inter-system interference. These are depicted 
in Figure 5-8.
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Figure 5-8: Inter-sysîem interference scenarios
Scenario 1
Scenario 1 is used as reference (Figure 5-8a), where both the wanted satellite from System A 
and the interfering satellite from System B are visible to the wanted mobile terminal. In this 
case, the wanted carrier level received at the mobile terminal will be high from the wanted 
satellite. However, the external interference will also be high due to clear line of sight. Hence, 
the overall C/I will correspond to the required quality of service provided by the system 
(reference scenario).
Scenario 2
Figure 5-8b shows the Scenario 2, where the wanted satellite from System A is in clear line-of- 
sight and the interfering satellite from System B is blocked by foliage. The received carrier 
power at the wanted mobile terminal will be as in scenario 1. Whereas, the external interference
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will be lower due to blockage. The amount of inter-system multiple access interference 
received will be dependent on the shadowing loss. Therefore, the C/I at the wanted mobile 
terminal will be higher than in Scenario 1, due to reduced external interference. This state is the 
best case scenario which will give improved quality of service.
Scenario 3
Figure 5-8c illustrates the Scenaiio 3, where the foliage blocks the path of the wanted satellite 
from System A and the interfering satellite from System B is in clear line-of-sight. The 
obstmction will reduce the received carrier power at the wanted mobile terminal. While the 
external interference will be increased in line-of-sight condition of the interfering satellite. The 
decrease in received canier power will be dependent on the shadowing loss. Consequently the 
C/I at the wanted mobile terminal will be lower than in Scenario 1. Thus, the quality of service 
provided will be poorer.
In the new fully overlapped band sharing scheme, the quality of service will be lower due to 
reduction in overall carrier to interference ratio, which is the result of increase in inter-system 
multiple access interference. This will decrease the overall system capacity of the system due to 
band sharing. However, in the enhanced overlapped band sharing scheme, the external 
interference will be lower as the cross polar discrimination isolation is better in the line of sight 
conditions. With improved cross-polar discrimination isolation, the overall carrier to 
interference ratio will be enhanced, resulting in better quality of service and as a consequence 
higher system capacity.
Scenario 4
Figure 5-8d presents the final Scenario 4, where both the wanted satellite from System A and 
the interfering satellite from System B are blocked by an obstruction to the wanted mobile 
terminal. In this case, the wanted carrier level received at the mobile terminal will be lower 
from the wanted satellite. And the external interference will also be lower due to blockage of 
the signal path by foliage. Since both the received carrier and external interference decreased, 
the overall C/I will be dependent on the degree of shadowing loss in both the wanted carrier 
and the external interference. Accordingly, the quality of service will directly depend on the 
fading margin provided by the system and the performance of the demodulator.
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5.3 Non-uniform distribution of sateilite power
The capacity of the S-PCN is limited by the satellite power. The power requirements of the 
outer spotbeams are higher due to the decreasing elevation angle range of the higher numbered 
spotbeams. The increase in power requirement is due to the increased attenuation caused by 
multipath fading and shadowing in a land mobile satellite channel and additional free space loss 
at lower elevation angles. The interference received in the outer spotbeams will also be higher 
due to overlap of coverage areas of the adjacent spotbeams. Hence, with uniform power 
distribution across the satellite spotbeams will result in higher number of users in the centre 
spotbeam and lower capacity in the outer spotbeams.
Figure 5-9 shows the variation in mean capacity across the satellite spotbeam coverage area of 
the LEO-48 constellation for uniform distribution of satellite power. It is clearly visible that the 
capacity in the centre spotbeam is much higher due to high mean elevation angle. This results in 
an increase in received carrier power, as the satellite is in line-of-sight for high percentage of 
the time and if occasionally shadowed, the losses are much lower. In the outer beam, additional 
free space path loss and shadowing has reduced capacity significantly. Hence requiring higher 
power in the outer spotbeams to overcome the losses. Figure 5-10 illustrates the mean capacity 
of the satellite spotbeams for non-uniform distribution of satellite power. The power 
distribution is such that all the spotbeams in the same tier have equal power. Hence, the 
variation in capacity within spotbeam tires is due to the hexagonal configuration of the 
spotbeams.
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Figure 5-9: LEO-48 spotbeam capacity for uniform distribution of power
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Figure 5-10: LEO-48 spotbeam capacity for non-uniform distribution of power
Figure 5-11 presents the difference in mean capacity of the satellite spotbeams for the MEO-12 
constellation for uniform distribution of satellite power. With large number of spotbeams in 
MEO-12 constellation, the central spotbeams of the first two tiers have similar capacity. Again, 
the mean elevation angles of these spotbeams are high. Hence, these spotbeams require low 
carrier power to achieve the required bit error rate (BER). The outer spotbeams require high 
power to compensate the losses due to fading and additional free space loss. Therefore the 
capacity in each beam is limited due to the available power. In order to provide uniform 
capacity across all spotbeams, the available power is distributed non-uniformly in each tier. 
This is illustrated in Figure 5-12.
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Figure 5-11: MEO-12 spotbeam capacity for uniform distribution of power
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Figure 5-12: LEO-48 spotbeam capacity for non- uniform distribution of power
5.4 Summary
In this section we proposed and studied band sharing schemes between CDMA non- 
geostationary S-PCNs. Multiple access interference models have been developed and have been 
used to derive the carrier to interference ratio equations. These models have been implemented 
to develop a state of art Interference Simulation Program (ISP). The ISP takes into account all 
possible sources of multiple access interference. This makes ISP a powerful tool for developing 
band sharing criteria to enhance the performance and capacity of the system. The ISP was used 
in the ACTS-SUMO project (Satellite-UMTS Multimedia Service Trials Over Integrated 
Testbeds) to develop a real time dynamic Satellite Interference Emulator. The Satellite 
Interference Emulator was part of the UMTS test-bed [Appendix D].
In the later chapter, the ISP will be used to develop the band sharing criteria and performance 
evaluations of the band sharing schemes. Intra- and Inter-system multiple access interferences 
have been presented. Four possible sets of states of external interference were discussed and 
evaluated. The influence of the inter-system interference on the total system capacity will be 
evaluated for the band sharing schemes.
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Chapter 6
6. Real-time Dynamic Satellite Channel Emulator
6.1 Introduction
Design and development of any satellite system requires regressive testing and optimisation of 
the satellite payload. Mobile Terminal (MT), and the Fixed Earth Station (FES). In practice, 
most of the MT and the FES development and testing would have to take place in parallel with 
the development of the satellites under laboratory conditions. This implies that the impact of 
constellation dynamics, propagation effects, user mobility and many other characteristics of the 
eventual system on the performance of various system components cannot be fully investigated 
and measured until the system is in place. Furthermore, as various terminal manufacturers 
around the world would be designing MT and FES units or components, it is of vital 
importance to be able to type-approve, test and optimise performance under realistic conditions 
through the use of Real-time Dynamic Satellite Channel Emulator (RDSCE) and Satellite 
Interference Emulator (SIE) platforms.
Design of any such unit is constrained by several requirements, namely the real-time emulation 
of the propagation channel, dynamics of the constellation (changing delay and Doppler, etc.) 
and various other system characteristics demanding a fast, yet accurate implementation at a 
designated IF/RF. The presented RDSCE mainly consists of hardware and a software module.
The research and development work for the RDSCE has been carried out within SINUS 
(Satellite Integration into Network for UMTS Services) and SIE within SUMO (Satellite-, 
UMTS Multimedia Service Trials Over Integrated Testbeds). Two European ACTS projects 
dedicated to development and demonstration of a W-CDMA based satellite UMTS system. 
What makes the developed RDSCE and SIE unique is the advanced land mobile satellite 
channel and interference software.
6.2 Testbed overview
The satellite channel emulator (SCE) testbed within SUMO project was aimed at identifying 
and demonstrating generic approaches to service support and network control, focusing on the 
satellite segment of UMTS networks. Different issues addressed within the project are:
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• Interoperability between complementary satellite systems both real and simulated, as well 
as terrestrial core networks.
• Automatic selection of alternative access network resources in an integrated UMTS system 
depending on services requested and the mobile communications environment.
• Bandwidth-on-demand to allow the user flexibility to request a bearer service to suit his 
needs in terms of throughput, cost, delay, quality of service etc.
• Advanced modelling of RF links for future satellite constellations (including interference).
Figure 6-1 presents the overall architecture of the SUMO testbed and details of the different 
functions provided. The satellite channel and interference emulator is highlighted in the figure 
by a bold dotted line and will now be described in details in the following sections.
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Figure 6-1: Overall testbed archtecture
6.3 Satellite Channel Emulator
The SCE will be a key component in the Satellite-UMTS testbed. The SCE has the following 
features that make it a powerful tool.
• Emulation of different satellite constellations.
• Emulation of different propagation environments (urban, suburban, open etc.).
• Simulation of intra as well as inter system interference.
• Simulation of the payload nonlinearities.
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The different functions performed by the SCE are presented in Figure 6-2.
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Figure 6-2: Satellite channel emulator overview
The emulator has the capability of emulating two full duplex channels. This makes it possible 
to realise both inter-satellite and intra-beam handover as well as dual diversity tests. The 
propagation channel effects include transmission delay, free space loss, shadowing as well as 
multipath fading and Doppler. Both the satellite and the user terminal motion can generate 
Doppler effect. In the return link, both sources of Doppler are emulated. However, in the 
forward link the satellite motion Doppler can be pre-compensated. The accuracy of the pre­
compensation algorithm depends on the FES knowledge of the MT position. Hence, the 
emulator offers the option of pre-compensation to the centre of the spotbeams, perfect pre­
compensation and no pre-compensation.
Intra- and Inter-System Interference simulations between future S-UMTS and the first 
generation S-PCN (LEO, MEO and GEO mobile satellite system) are included via an additional 
software module in the satellite emulator. Figure 3 shows potential sources of interference 
caused by different mobile satellite systems.
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Figure 6-3: Sources of interference
The two main sources of interference are intra-system interference and inter-system 
interference. Intra-system interference is caused by multiple transmitters within that system, 
while inter-system interference is caused by other systems operating in the same bandwidth.
6.3.1 Satellite Channel Emulator Software
The real-time dynamic satellite channel emulator software consists of three main sections, the 
dynamic satellite constellation simulator, the wide band channel model and the multiple access 
interference. Through the use of a graphical user interface (GUI), the user defines the sets of 
parameters that are needed by the software given in Table 6-1.
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Table 6-1: Parameters required by the sojhvare
Operational environment: Suburban, urban, Open, lightly wooded and heavily 
wooded
Frequency band
Constellation LEO-48, LEO-66, MEO-12, GEO or other user defined 
constellations
Initial orbital phase Allowing user the choice o f the constellation starting 
phase to enabling the trials at worst case and best case 
elevation angles, etc.
Satellite spotbeam configuration A complete set o f satellite spotbeam configurations as 
well as antenna patterns in addition to possibility o f 
having user defined configurations
Co-ordinates of the terminal Longitude and latitude
Speed of the mobile terminal Stationaiy to 300km/h
Mobile route, direction Direction o f the mobile movement and provisions for  
possible operational environment changes during a run.
Satellite payload characteristics Payload characteristics such as the amplifier non- 
linearities, sky noise level and other types o f 
inteiference can be specified
The real-time dynamic satellite channel emulator software is capable of generating the satellite 
positions with time for general satellite constellation using the parameters mentioned in Table
6-1, The software selects the two highest satellites that are accessible by both the FES and the 
MT according to the required minimum elevation angle. The path loss, delay, Doppler and 
fading are calculated for the selected satellites. Using the required environment channel 
parameters, such as bad duration, good duration and the calculated elevation angle of the 
selected satellites, the software outputs the channel condition of the satellites (i.e. whether the 
satellite is blocked or in line of sight). Once the good or bad state decision is made, the 
Rayleigh mean, k-factor (Rician factor), amplitude of the echoes and the echo delays are 
calculated. The selection of the highest two satellites and the systematic data conversion are 
shown in Figure 6-4.
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Figure 6-4: RDSCE software algorithm
6.3.2 Satellite Channel Emulator Hardware
The satellite channel emulator comprise of the channel emulator and the emulator controller. 
The selected hardware consists of one NoiseCom Satellite Link Emulator (SLE-250) capable of 
emulating 2 full-duplex paths and two multipath fading emulators (MP-2700) each capable of 
emulating one full-duplex link. The SLE-250 is capable of generating varying Doppler shift, 
propagation delay, path loss, and slow fading. Each MP-2700 link emulates direct path 
component and two echoes with Ricean and Rayleigh fading statistic, respectively. The 
complete RDSCE unit is hence capable of emulating two full duplex channels, which represent 
the radio link between the two satellites and the MT. The top-level stmcture of the satellite 
channel emulator is shown in Figure 6-5.
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Figure 6-5: Top-level emulator structure
The emulator controller is composed of a PC and corresponding software including program 
control and graphical user interface. Through the graphical user interface, the controlling 
program obtains all input parameters required by each simulation, expands these user inputs 
into a pre-defined format and downloads them into the channel emulator at the beginning of 
each trial.
Figure 6 - 6  presents the two full duplex channels with injection of noise and interference. Both 
interference and thermal noise are generated with the same noise generator. However, 
interference and noise are injected at different points of the emulator and their levels can be 
controlled through step attenuators. In the forward link, the two insertion points placed before 
the SCE (points (a) and (b)) correspond to the interference coming from the spotbeam of the 
wanted satellite with which the user is communicating. The intra-spotbeam interference 
encounters the same propagation medium as the user of interest. Hence the C/I ratio remains 
constant as the signal propagates through the same channel. Therefore, the intra-spotbeam 
interference is injected before the SCE. The interference coming from adjacent spotbeams, 
adjacent satellites and other systems is added to the thermal noise and is injected just before 
diversity combination (point (c)). It should be stressed that even though the intra-satellite 
interference propagates through the same channel as the signal of interest, the C/I varies with 
time. This is due to the dynamics of the satellite constellation and the variations in the satellite 
antenna gain. In the return link, the interference from all the different sources is combined with 
the thermal noise and is injected just before diversity combination (point (d)). In order to 
control in real-time the levels of interference coming from the different sources, four 
programmable step attenuators are used.
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Figure 6-6: Placement of the sources of noise and interference
6.4 Trials configuration
The emulator is capable of simulating many different scenarios. For example hand over 
between a low elevation angle satellite and a high elevation angle satellite, or hand over 
between two low elevation angle satellites. Given that the run time of each simulation is likely 
to be limited to about 2 0  minutes, the satellite channel software provides a method of setting 
the initial state of the satellite constellation so that the test scenario will occur within the run 
time of the simulation. This is achieved by adjusting the constellation and simulation start time 
set up. Changing the start time and date will have the effect of changing the positions of the 
satellites in the constellation, as the constellation begins from a fixed point in time. This 
method gives the user a great deal of flexibility in evaluating handover and diversity technique 
in a wide range of satellite and terminal scenarios. Table 6-2 shows the trials that can be carried 
out using the satellite channel emulator.
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Table 6-2: Number of channels available for Trials
Number of required full duplex channels
Trials 1 2 3
Satellite
network
Inter-beam handover - yes yes
Inter-satellite handover - yes yes
Dual satellite diversity - yes yes
Three satellite diversity - - yes
Two satellite diversity 
and handover
- - yes
Inter-network
handover
Satellite to terrestrial - yes yes
Terrestrial to satellite - yes yes
Call handling yes yes yes
6.4.1 Satellite diversity
Figure 6-7 shows the arrangements of the two full-duplex emulator links. The two channels of 
the SCE are configured to carry the same signal through two different satellites. The two 
received signals from two links are combined at the receiver. To reduce the size of the buffer 
needed in the MT, the SCE can be configured to delay the shorter satellite path with respect to 
the other to give only the residual delay between the two paths.
Figure 6-7: SCE links configuration
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6.4.2 Satellite handover
The arrangements of the SCE are similar to the satellite diversity scenario. However, the SCE is 
configured to have a handover during the run. One of the satellites will be moving away from 
the MT, while the other one will be approaching. The handover will take place when the signal 
from the wanted satellite drops below the threshold. Figure 6 - 8  shows the received carrier 
power from the two satellite links.
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Figure 6-8: Received carrier power
6.4.3 Spotbeam handover
In this scenario, the two emulator channels represent the two spotbeam links of the highest 
satellite. As the two links are from the same satellite, the channel conditions of the both 
satellite are identical. The SCE is configured to have the handover in the middle of the run 
between two neighbouring spotbeams.
6.5 CDMA Trials
The call handling protocols, for call set-up, call release and bandwidth-on-demand were 
verified using the testbed without the inclusion of a satellite link. In the Service Control 
Interface (SCI) user interface, the delays for call set-up and call release could be measured in 
seconds. From the back-to-back testing of equipment, it was possible to establish the inherent 
delay of the designed protocols, without the additional delay introduced by the satellite 
constellation. This was measured to be 20 seconds for call set-up delay.
The emulated delay was varied to correspond to the three possible circular satellite orbits: Low 
Earth Orbit (LEO), Medium Earth Orbit (MEO) and Geostationary Earth Orbit (GEO). For both
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the LEO and MEO cases, an average round trip delay was used. Table 6-3 shows the one-way 
transmission delay (MT —> satellite —> FES or vice-versa) assumed for each orbit.
It is to be noted that the timers used in the trials to measure the delays for the procedures are 
only accurate to a second, and so all results aie only accurate to within ±I s.
Table 6-3: One-way transmission delays
Orbit Delay (ms)
LEO 14
MEO 80
GEO 250
6.5.1 Call set-up procedure
The results for the basic call set-up delay are shown in Figure 6-9. The curves for the maximum 
and minimum actual results are taken from the maximum and minimum delays recorded (in 
seconds) for the call set-up delay using the different emulated delays.
In order to verify the practical results, estimated results were calculated using a basic call set-up 
delay of 21 s for the LEO emulated delay. In total, nineteen messages are exchanged between 
the MT and FES during call set-up, including terminal set-up [SCHU99]. The values for the 
MEO and GEO delays were calculated using the LEO delay and Equation 6-1.
Delay: C , c = C , +  (JV,„ x  (d .  -  d , )) Equation 6-1
where C is call set-up delay: N„, is the number of messages through the emulator and d is 
satellite round trip delay.
MEO: 21 + (i 9 x (8 0 -1 4 ) x 10"’ )=  22.3 s 
GEO; 21 + (l9 X (250 -1 4 )  x  IQ-’ ) =  25.5 s
It can be seen in Figure 6-9, the estimated curve lies between the maximum and minimum lines 
for the measured results. In fact the maximum and minimum curves lie within ±1 s of the 
estimated, which implies that the testbed performs as predicted.
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Figure 6-9: Call set-up delay
6.5.2 Call release procedure
The call release procedure was tested and found to perform satisfactorily for all three satellite 
configurations. Table F-2 shows the measured results for the call release procedure. In the User 
Data Radio Bearer (UDRB) release procedure there are six messages exchanged between the 
MT and FES, which leads to a theoretical difference between LEO and MEO of 0.396 s, and 
between LEO and GEO of 1.416 s (from Equation 6-1) [SCHU99]. The UDRB release delays 
were measured as being 19 s for LEO, 20 s for MEO and 23 s for GEO, which are within the ±1 
s boundaries of the timer accuracy.
6.5.3 Bandwidth-on-demand procedure
The bandwidth-on-demand (BoD) procedure was tested under all three satellite configurations. 
The delays between sending the call set-up request from the AT, and receiving the list of 
available resources at the AT, and between sending the requested resource by the AT and the 
call set-up confirmation being received at the AT determine the BoD’s performance.
The BoD Procedure performed correctly for all three satellite configurations [NILOO]. If a delay 
of 19 s is assumed for the LEO case, then using Equation 6-1 for the MEO case, the estimated 
delay is 19.9 s. Likewise for the GEO case, the estimated delay is 22.3 s. The measured results 
were 20 s for the MEO case and 23 s for the GEO case, which are within the ± 1 s resolution of 
the timers.
Figure 3 provides a comparison of the call set-up delay when the requested resources are 
available (no BoD) and when they are not available (with BoD). Here, it is assumed that the
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user would take approximately 5 s to choose a new resource from the available resources in the 
BoD case [SCHU99]. As can be seen, the BoD procedure adds between 10 and 12 seconds to 
the call set-up time. Even if the user immediately selected a new resource the call set-up would 
still take an additional 4 to 6  seconds. This extra time is due in part to the fact that for the 
purpose of the trials, the message which contains the resource information has to be sent eleven 
times (once for each possible radio bearer) rather than just once. In principle, it should be 
possible to notify the user of all available resources using a single message, which would 
improve the efficiency of the protocol.
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Figure 6-10: Total call set-up delay with and without bandwidth-on-demand
6.6 Summary
An advanced Real-time Dynamic Satellite Channel Emulator (RDSCE) has been developed 
capable of emulating any mobile satellite system in real time. The software has a most 
comprehensive wide band land mobile satellite channel, which includes a varying tapped-delay- 
line model (varying delay and power of echoes with time). The model also takes in to account 
the azimuth correlation between two satellite channels, which can greatly improve satellite 
availability. The RDSCE is capable of testing the performance of a new future mobile satellite 
system. Mobile Terminal (MT), and the Fixed Earth Station (FES) before operation, without 
the need to have the system in place. This will help the terminal manufacturers to test and 
optimise performance of their MT and FES units under realistic conditions through the use of 
RDSCE platforms. The RDSCE can also be used to test the signalling, call set-up procedures.
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power control algorithms, dual satellite diversity and handover procedures (inter-spotbeam 
handover and inter-satellite handover). This makes RDSCE one of the most advanced mobile 
satellite system testing tool for any constellation.
The integration of the RDSCE was earned out with the CDMA mobile terminal and fixed earth 
station within the SUMO project. The integration of the UMTS test-bed was successful. 
However, it was not possible to carry out the trials due to synchronisation problems 
encountered with the CDMA modems. One of the major problems was synchronising the 
CDMA modems due to large Doppler frequency shift in the non-geostationai'y mobile satellite 
systems. But this problem was solved with pre-compensation of the Doppler to the centre of the 
spotbeam. Hence, an important discovery made during the integration was that large Doppler 
frequency shift had to be minimised by pre-compensation to allow synchronisation of CDMA 
modems. After synchronising the CDMA modems at start of the simulation, further problems 
arose keeping the CDMA modems synchronised. The variation in the land mobile satellite 
channel and problems with the CDMA modems forced the trials to stop. Therefore, the satellite 
handover and satellite diversity trials were unable to be carried out. Nevertheless, a working S- 
UMTS testbed was available, the call set-up, call release and bandwidth-on-demand trials were 
achieved. These trials demonstrated the signalling procedures for CDMA air interface and most 
importantly selection of the required resource (date rate, bit error rate (BER), delay etc.) by the 
user during a call.
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Chapter 7 
7. Performance Evaluation of Band Sharing for 
CDMA
7.1 Introduction
In this chapter, performance evaluation of the proposed band sharing schemes between non- 
geostationary Satellite-PCNs is canied out. Interference analysis of the two systems evaluated 
in Chapter 2, the LEO-48 constellation and the MEO-12 constellation are presented. Using this 
as the starting point for the performance evaluation, the results of the system capacities of the 
two systems, LEO-48 constellation and MEO-12 constellation were obtained. The capacity 
estimates were computed for both systems in conventional band segmentation approach and 
compared with the capacities achieved by using the new proposed fully overlapped band 
sharing scheme and enhanced band sharing scheme. Further results were acquired to analyse 
the effect of imperfect power control on the total system capacity.
'v
7.2 Conventional band segmentation scheme
7.2.1 LEO-48 constellation
7.2.1.1 Interference analysis
In this section, the interference is assessed by examining the measured carrier to interference 
signal levels and comparison of these levels to a required protection ratio (i.e. a minimum C/I 
that must be achieved for the required percentage of the time). Figure 7-1 shows the received 
carrier power at the wanted mobile terminal. The received cairier envelope shows the slow 
variation in the power against time as the satellite moves away from the wanted mobile 
terminal. It can be observed in the received carrier plots at various times that the level changes 
in a discontinuous manner, which is due to the mobile terminal switching from one LEO 
satellite to another (i.e. satellite handover). Satellite handover is determined by the system 
design and takes place either when the mobile terminal is at the edge of a satellite spotbeam 
coverage (i.e. when the C/(No-t-Io) from the present satellite drops below the minimum 
threshold) or when the wanted satellite goes into deep fade due to shadowing. As well as the 
satellite handovers, spotbeam handovers are also visible. Figure 7-2 shows the total interference
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noise density, lo, received at the receiver. This includes the multiple access interference 
received from within the wanted spotbeam, adjacent spotbeams of the wanted satellite and from 
users in the adjacent satellite spotbeams. The amount of interference power received is 
proportional to the number of satellites visible to the wanted mobile terminal and the channel 
conditions of each satellite. Figure 7-3 presents the canier to inteiference ratio profile, 
C/(No+Io). The C/(No+Io) profile shows the variation in the C/(No+Io) caused by shadowing 
and excess interference. The peaks correspond to good quality of service when the received 
power is high and lower interfemce received (i.e. high satellite elevation angle). The worst 
interference event occurs when the mobile terminal is in the vicinity of several interfering 
satellites and the mobile terminal is shadowed (deep fade) from the wanted satellite.
Figure 7-4 presents the cumulative distribution function of the carrier to interference ratio. The 
distribution function shows that the required quality of service is achieved for over 9 5 % of the 
time. However, there are times when the C/(No+Io) drops below the required protection ratio 
and the link outage will occur. This happens when the received earner level drops below the 
threshold due to shadowing or when high multiple access interference is received from the 
adjacent users. Table 7-1 shows the statistics of the received carrier power, aggregate 
inteiference noise density, lo, and the carrier to inteiference ratio, C/(No+Io), received at the 
wanted mobile terminal.
The availability of the required quality of service over the CONUS geographic region is shown 
in Figure 7-5. The quality of service with longitude is approximately constant. However, the 
quality of service varies slightly with latitude.
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Table 7-1:Statistics of the received carrier and interference
Parameters
Carrier pow er 
(dB W )
Interference density  
(dB /H z)
C/(No4-Io)
(dB -H z)
M ean -154.5 -206.3 48.1
M inim um -161.0 -210.5 42.8
M axim um -152.2 -202.4 50.9
Standard D eviation 2.07 2 . 0 0 1.71
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7.2.1.2 System capacity
In this section, the upper bound total system capacity that is achievable by the mobile satellite 
system is calculated. The whole coverage area was divided into five regions. These 
geographical areas are Europe, North America, South America, Australia and Asia, which are 
illustrated in Figure 7-6. The capacity per spotbeam was calculated for each region. The 
C/(No-hIo) of 44.8dB was assumed for a required bit rate of 9600 bps at a bit error rate (BER) 
of 10' .^ The C/(No+Io) statistics calculated correspond to those values that are exceeded for 
95% of the time. The simulations were carried out over the whole region and the mean value of 
the capacity was calculated for the required quality of service (QoS).
M
Figure 7-6: Geographical regions
Table 7-2 presents the estimate of the system capacity of LEO-48 constellation for each region. 
The capacity for the whole coverage area was also calculated for comparison with the 
capacities of individual regions. The results show the mean number of users that can be 
accommodated per carrier without degrading the quality of service (i.e. upper bound capacity 
providing the required Eb/(No+Io)). The capacity per satellite varies over different regions due 
to constellation dynamics. The received power from the satellite is proportional to the satellite 
availability and mean elevation angle of the satellite to the mobile terminal. The multiple access 
interference received from adjacent satellites will decrease system capacity. Hence, the capacity 
will be higher when the wanted satellite has good visibility. This can be observed in Table 7-2. 
The capacity in the regions, Europe and North America is higher, because at these latitudes the 
mean elevation angle to the wanted satellite is higher. While at the equator the mean elevation 
angle is lower. The mean capacity over the whole coverage area that can be supported is 1551 
users per satellite, which corresponds to total system capacity of approximately seventy-four 
thousand users globally.
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Table 7-2: LEO-48 System capacity
Region Mean number of users perCarrier Spotbeam Satellite
1-Europe 21.5 8 6 . 1 1637
2-North America 21.5 8 & 2 1637
3-South America 18.1 72.6 1379
4-Australia 20.4 81.6 1551
5-Asia 21.5 8 6 . 2 1637
6 -World 20.4 81.6 1551
7.2.1.3 Effect of power control error
In this section, the effect of power control error on the carrier to interference ratio is evaluated. 
The power received at the mobile terminal will be different from adjacent users, depending on 
the condition of the land mobile satellite channel of the adjacent users. Hence, the performance 
of the receiver will be lower. The results are presented for power control error of OdB, IdB and 
2dB, which is the standard deviation of the users power received at the wanted mobile terminal. 
Figure 7-7 shows the simulation results for the cumulative distribution function of the 
C/(No+Io), while keeping the capacity of the system constant and increasing the standard 
deviation of the power control eiTor. As the power control error increases, the interference 
received from adjacent users is higher. Hence, in order to provide the required quality of 
service for 95% of the time, the capacity of the system must drop to reduce the interference. 
From the figure, the system achieves the required quality of service for 95.2% for perfect power 
control, 93.6% and 90.7% for the standard deviation of the power control error of l.OdB and 
2.0dB, respectively. Hence, to keep the quality of semce for 95% of the time, the capacity of 
the system is reduced. Figure 7-8 presents the results of cumulative distribution function of the 
C/(No+Io) for required quality of service with perfect and imperfect power control.
Table 7-3 shows the mean number of users per spotbeam for each region under perfect and 
imperfect power control. The mean capacity of the whole coverage area was also calculated for 
comparison with the capacities of individual regions. The overall capacity of the system drops 
by 5.6% and 11.1% for increase in standard deviation of power control from IdB to 2dB, 
respectively. However, the worst-case drop in capacity is in region two. North America and 
region four, Australia, conesponding to 10.5% for IdB power control eiTor and 16.7% for 2dB 
power control error, respectively. This corresponds to reduction in system capacities of 8,272 
and 12,408 users for imperfect power control of IdB and 2dB, respectively. Any additional 
increase in power control eiTor will decrease the capacity further. Capacities of 1551 and 1379
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users per satellite can be supported under perfect and imperfect power control conditions, 
which corresponds to total system capacity of 74,446 and 66,174 users, respectively for the 
worst case standard deviation of power control error of 2dB. This represents a drop in system 
capacity of 8,272 users. The imperfect power control severely reduces the system capacity. 
Therefore, it is very important from system design point of view to control transmitted power to 
maximise the system capacity.
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Table 7-3: LEO-48 system capacity with power control error
Region
Mean number o 
Std of
f users per spotbeam (per canier) 
Dower control error (dB)
0 . 0 1 . 0 2 . 0
8 6 . 1 81.6 72.61-Europe (21.5) (20.4) (18.1)
8 & 2 77.1 72.62-North America (21.5) (18.1)(19.3)
72.6 6 8 . 0 63.53-South America (18T) (15.9)(17.0)
81.6 77.1 6 8 . 04-Australia (20.4) 0 7 4 )(19.3)
8 6 . 2 77.1 7265-Asia (21.5) (19.3) (18J)
81.6 77.1 72.6
6 -World (20.4) (19.3) (18.1)
7.2.1.4 Effect of Number of spotbeams on capacity
In this section, the results of system capacity with number of spotbeams ate presented. Table 
7-4 shows the variation in system capacity with different number of spotbeams. By increasing 
the number of spotbeams, we limit the number of interfering users in that spotbeam. This will 
result in reduction in multiple access interference and therefore will increase the total capacity 
of the system. Hence, having multiple spotbeam antennas can be used as an interference 
cancellation method to increase system capacity. The results presented in the table are for 19, 
37 and 61 spotbeams for the region two. North America. It can be seen that the number of users 
increases by increasing number of spotbeams. Capacities of 1637, 1758 and 1876 users can be 
achieved for 19, 37 and 61 spotbeams, respectively. Figure 7-9 shows the satellite capacity and 
percentage increase in system capacity with number of spotbeams. The increase in capacity is 
121 and 239 users corresponding to 7.4% and 14.6% for 37 and 61 spotbeams, respectively.
Table 7-4:Variation in LEO-48 system capacity with number of spotbeams
No. of spotbeams Mean number of users perCarrier Spotbeam Satellite System
19 21.5 8 6 . 2 1637 78582
37 11.9 47.5 1758 84375
61 7.7 30.8 1876 90059
89
E3
1900 
1850 -- 
1800 -- 
1750 
1700 + 
1650 
1600 4  
1550
19
7 . 4 %
37
Number of Spotbeams
14.6%
61
Figure 7-9: Percentage increase in LEO-48 system capacity with number of spotbeams
7.2.1.5 Effect of canier bandwidth on capacity
The optimum frequency allocation into sub-bands will depend on the frequency re-use pattern 
and different sets of orthogonal codes. The carrier bandwidth allocation can be of two kinds in 
a multiple spotbeams CDMA system. The first one is to assign the same frequency band in all 
spotbeams and different sets of orthogonal codes in different spotbeams. In the second case the 
available frequency bandwidth is divided into a number of sub-bands. Hence, the same codes 
can be used in the adjacent spotbeams. Therefore, it should be possible to make a trade-off 
between the two cases for optimum carrier bandwidth. Table 7-5 presents the capacity of the 
system with different carrier bandwidths. It can be seen that by doubling the carrier bandwidth, 
the number of users have also been approximately slightly more than doubled. However, since 
the number of carriers was halved, the overall satellite capacity was only slightly increased. 
Figure 7-10 shows the satellite capacity and percentage increase in satellite capacity with 
carrier bandwidth. Capacity increase of 1.5% and 2.2% can be achieved with respect to the 
reference 1.25MHz carrier bandwidth for 2.5MHz and 5.0MHZ carrier bandwidths, 
respectively. This corresponds to total system capacity increase of 1,152 and 1,704 users for 
2.5MHz and 5.0MHZ carrier bandwidths, respectively.
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Table 7-5: Variation in LEO-48 system capacity with carrier bandwidth
Bandwidth Mean number of users perCarrier Spotbeam Satellite System
1.25 MHz 21.5 8 6 . 2 1637 78582
2.50 MHz 43.7 87.4 1661 79734
5.00 MHz 8 8 . 0 8 8 . 0 1673 80286
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Figure 7-10: Percentage increase in LEO-48 system capacity with carrier bandwidth
7.2.1.6 Using satellite diversity
LEO-48 constellation design offers dual satellite diversity. It is an important feature of LEO-48 
constellation to combat shadowing. In dual satellite communication, two satellites transmit the 
same information to the mobile terminal using the satellite resource twice. However, the 
transmitted power from each satellite will be lower than the single satellite. The reduction in 
satellite power and an increase in capacity is related to the environment and diversity gain. 
Table 7-6 shows the results of capacity for the case when no diversity is employed and for dual 
satellite diversity with varying diversity gain. It can be seen that with satellite diversity gain of 
3dB, the capacity for the two scenarios is approximately equal. However, with increasing 
diversity gain the capacity of the system has increased dramatically. This is the result of 
combating shadowing with dual satellite diversity and enhancing system performance. Figure
7-11 shows capacity of the carrier and percentage increase in carrier capacity with satellite 
diversity. Capacity increase of 26.7% and 58.3% can be achieved with satellite diversity, 
corresponding to 109 and 136 users per spotbeam. Hence, employing the satellite diversity has 
significantly increased the total system capacity. Figure 7-12 shows the influence of imperfect
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power control on the system capacity. The capacity of the system is reduced with increasing 
power control error.
Table 7-6: LEO-48 system capacity with diversity
Diversity Gain
Mean number of users per spotbeam (per carrier) 
Std of power control error (dB)
0 . 0 1 .0 2 . 0
8 6 . 2 77.1 72.6No diversity (21.5) (19.3) (18.1)
86.9 76.9 71.43dB (21.7) (19.2) (17.8)
109.2 984 96.54dB (27.3) (24.7) (24.1)
5dB 136.4 123.3 113.4(34.1) (30.8) (28.3)
58.3%
26.7%
3 4
Diversity gain (dB)
Figure 7-11: Percentage increase in LEO-48 system capacity with diversity
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7.2.1.7 Summary
The system capacity of LEO-48 constellation has been presented for the conventional band 
segmentation scheme. It was shown that the capacity of the system is severely affected by the 
power control error. If the capacity is kept constant, this will result in lower Eb/(No+Io) and 
therefore reduction in quality of service. Hence, the power control is critical in order to provide 
good quality of service and higher system capacity. The improvement in system capacity can be 
further achieved by increasing the number of spotbeams. This will result in lower multiple 
access interference by reducing the number of active users per spotbeam in a given satellite. 
This acts as an interference cancellation technique. Capacity can be further improved by 
increasing the system carrier bandwidth. Wider carrier bandwidth has better efficiency with 
increased number of users per MHz. Figure 7-13 shows the optimum capacity achievable with 
different number of spotbeams and varying carrier bandwidth. Finally, by employing satellite 
diversity to combat fading and shadowing, the capacity can be greatly enhanced. The LEO-48 
system can employ number of these techniques to increase its overall system capacity. This will 
result in improved utilisation of the scarce available bandwidth.
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Figure 7-13: Optimum LEO-48 satellite capacity with number of spotbeams and bandwidth
7.2.2 MEO-12 constellation
7.2.2.1 Interference analysis
Here the effect of interference on quality of service provided by the MEO-12 constellation is 
analysed. The required protection ratio threshold should be provided for the required 
percentage of time, in order ensure the service offered to the user is adequate. Figure 7-14 
shows the received carrier power at the wanted mobile terminal. The received carrier envelope 
shows the slow variation in the power against time as the satellite moves away from the wanted 
mobile terminal. It can be observed in the plot that the variations are slower than the LEO-48 
system. This is due to the nature of the LEO-48 and the MEO-12 orbit dynamics. The orbit 
period of the MEO-12 is longer than the LEO-48. Hence, the satellite will be visible to the 
mobile terminal for longer period of time and moving at a slower rate. This will ease the 
handover, as there will be less handovers taking place during a call and more time available to 
switch to another satellite spotbeam. Figure 7-15 shows the total interference noise density, lo, 
received at the receiver. The total multiple access interference received is the sum of 
interferences from all the users in adjacent satellite spotbeams that are visible to the wanted 
mobile terminal. As there are lower numbers of interfering satellites and moving at slow rate, 
the variation in interference density are not as fast as the LEO-48 system. Figure 7-16 shows 
the variation in carrier to interference profile, C/(No4-Io), against time during the simulation 
period. The troughs in the C/(No+Io) profile correspond to the mobile terminal at the edge of 
satellite spotbeam coverage. Here the satellite handover takes place when the mobile terminal 
switches from one MEG satellite to another. Hence, the C/(No-i-Io) starts to increase. Also, it
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can be seen in the C/(No+Io) profile, the spotbeams handovers taking place. Forced handovers 
take place when the C/(No+Io) from the present satellite drops below the minimum threshold. 
This happens when the wanted satellite goes into deep fade due to shadowing or excess 
interference is received from the adjacent satellite spotbeams.
Figure 7-17 shows the cumulative distribution function of the carrier to interference ratio. The 
distribution function shows that the required quality of seiwice is achieved for over 95% of the 
time. However, there are times when the C/(No+Io) drops below the required protection ratio 
and the link outage will occur. This happens when the received carrier level drops below the 
threshold due to shadowing or when high multiple access interference is received from the 
adjacent users. Table 7-7 shows the statistics of the received canier power, aggregate 
inteiference noise density, lo, and the canier to interference ratio, C/(No+IoJ, received at the 
wanted mobile terminal.
The availability of the required quality of service over the CONUS geographic region is shown 
in Figure 7-18. The quality of service with longitude is approximately constant. However, the 
quality of service varies slightly with latitude.
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Figure 7-18: MEO-12 service availability 
Table 7-7: MEO-12 Interference statistic
Parameters Carrier power (dBW)
Interference density 
(dB/Hz)
C/(No4-Io)
(dB-Hz)
Mean -155.5 -205.9 46.9
Minimum -162.3 -212.5 42.1
Maximum -154.2 -203.1 49.2
Stan(Jard Deviation 1.53 2.18 1.28
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7,2.2,2 System capacity
In this section, the total system capacity that is achievable by the MEO-12 mobile satellite 
system is computed. The simulations are carried out over 24 hours period as the ground track of 
the satellite is repeated. Mean capacity of each carrier is calculated over the whole region. The 
C/(No+Io) statistics calculated correspond to those values that are exceeded for 95% of the 
time.
Table 7-8 presents the estimate of system capacity of MEO-12 constellation for each region. 
For comparison the mean capacity of the whole coverage area was also calculated. The results 
show the mean number of users that can be active simultaneously per carrier and providing the 
required quality of service for all the users. In this scenario, there is only one available earner 
per spotbeam. Hence the mean capacity of the spotbeam is equal the mean capacity that can be 
achieved per earner. Variation in the capacity per satellite over different regions is due to 
constellation dynamics. The mean elevation angle of the highest available satellite peak at the 
region two. Hence, the maximum mean capacity is achieved in the region two. The multiple 
access interference received from adjacent satellites will decrease system capacity. Hence, in 
the regions where there are more satellites visible to the mobile terminal, the capacity will be 
lower due to higher interference received from adjacent satellites. The mean capacity over the 
whole coverage area that can be supported is 3523 users per satellite, which corresponds to the 
total system capacity of approximately forty-two thousand users globally.
Table 7-8: MEO-12 system capacity
Region Mean number of users perCarrier Spotbeam Satellite
1-Europe 58.1 58,1 3546
2-North America 63.0 63.0 3841
3-South America 57.0 57.0 3477
4-Australia 55.5 55.5 3387
5-Asia 48.4 48.4 2955
6 -World 57.7 57.7 3523
7.2.2.3 Effect of power control error
In this section, the results of imperfect power control on the system capacity are assessed. 
Depending on the condition of the land mobile satellite channel of the adjacent users, the 
received multiple access interference power will vary from adjacent users at the mobile 
terminal. Hence, the capacity of the system will be severely reduced due to the sub-optimum
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performance of the receiver. The results are presented for power control error of OdB, IdB and 
2dB. Figure 7-19 shows the simulation results for the cumulative distribution function of the 
C/(No+Io) with an increasing power control eiTor, while the capacity remains constant. As the 
power control error increases, the multiple access interference received from adjacent users is 
higher. Hence, the capacity of the system drops in order to maintain the required quality of 
service. From the figure, the system achieves the required quality of service for 95.1%, 92.6% 
and 83.7% for perfect power control and power control eiTor of I.OdB and 2.0dB, respectively. 
The quality of service is severely affected with increasing power control. As a result the 
capacity of the system drops to maintain the required quality of service. Figure 7-20 presents 
the results of cumulative distribution function of the C/(No+Io) for required quality of service 
with perfect and imperfect power control.
Table 7-9 presents the mean number of users per spotbeam for each region under perfect and 
imperfect power control. It can be seen in the table that the capacity of the system drops in 
order to continue providing the required quality of service as the power control error increases. 
The overall system capacity of the system drops by 14.2% and 27.1% for increase in standard 
deviation of power control from IdB to 2dB, respectively. However, the worst-case drop in 
capacity is in region two North America corresponding to 15.4% and 29.6% for IdB and 2dB 
power control error, respectively. The system capacity is reduced by 6,000 and 11,455 users 
(7,091 and 13,637 users for worst case region 2) for power control error of IdB and 2dB, 
respectively. The percentage drop in capacity due to imperfect power control for MEO-12 
system is more than the LEO-48 system. The capacity will be reduced more if the power 
control error is higher. Therefore, it is important to have some form of power control to reduce 
multiple access interference from adjacent users. Capacities of 3,523 and 2,568 users per 
satellite can be supported under perfect and imperfect power control conditions, which 
corresponds to total system capacity of 42,275 and 30,820 users respectively for the worst case 
standard deviation of power control enor of 2dB. Hence, to maximise the system capacity, the 
system must use power control to reduce multiple access interference by lowering the 
transmitted power.
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Table 7-9: MEO-12 system capacity with power control error
Region
Mean number o 
Std of
f users per spotbeam (per canier) 
power control error (dB)
0 . 0 1 . 0 2 . 0
58.1 49.6 42.11-Europe (58.1) ^W.6 ) (42.1)
63.0 53.3 44.32-North America (63.0) ^W3)(53.3)
57.0 49.2 41.73-South America (57.0) (41.7)(49.2)
55.5 48.1 41.04-Australia (55.5) (48.1) (41.0)
48.4 42.5 36.55-Asia (48.4) t& j ) (36.5)
57.7 49.6 42.1
6 -World (57.7) (49.6) f& ri)
7.2.2A Effect of Number of spotbeams on capacity
The capacity of the MEO-12 system can be improved by increasing the number of spotbeams. 
As a result, the system has better frequency re-use and reduction in multiple access interference 
within a spotbeam due to decrease in number of users in a spotbeam. Table 7-10 shows the 
variation in system capacity with different number of spotbeams. The results presented in the 
table are for 61, 91 and 127 spotbeams for the region two. North America. As the MEO-12 
coverage area is much larger than the LEO-48, by increasing the number of spotbeams in MEO- 
12 has better capacity utilisation. Capacities of 3841, 4353 and 4698 users per satellite can be 
achieved for 61, 91 and 127 spotbeams, respectively. Figure 7-21 shows the satellite capacity 
and percentage increase in system capacity with number of spotbeams. The increase in capacity 
is 512 and 851 users per satellite coiTesponding to 13.3% and 22.3% for 91 and 127 spotbeams, 
respectively. Hence, by employing 127 spotbeams, MEO-48 can benefit from an increase in 
total system capacity of approximately ten thousand users.
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Table 7-10: Variation in MEO-12 system capacity with number of spotbeams
No. of spotbeams Mean number of users perCarrier Spotbeam Satellite System
61 63.0 63.0 3841 46094
91 47.8 47.8 4353 52236
127 37.0 37.0 4698 56373
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Figure 7-21: Percentage increase in MEO-12 system capacity with number of spotbeams
7.2.2.S Effect of carrier bandwidth on capacity
Due to the limited bandwidth available in this conventional band segmentation scheme, the 
MEO-12 system only has one wide band carrier of bandwidth of 5.5MHz. The system was 
designed to make better use of the limited frequency bandwidth available. In this section we 
calculate the capacity of the MEO-12 system and examine the effect on system capacity by 
increasing the number of carriers by reducing the carrier bandwidth (i.e. segmenting the 
available MEO-12 system bandwidth into sub-bands). This will decrease in number of users per 
carrier, which will result in reduction in multiple access interference. Table 7-11 presents the 
capacity of the system with different carrier bandwidths. It can be seen that by reducing the 
carrier bandwidth, the number of users have been decreased. However, the number of carriers 
has also been increased. But the overall effect of reducing the carrier bandwidth has resulted in 
reduction in the total satellite capacity by small amount. This is due to reduction in spreading 
gain, which has resulted from segmenting the available bandwidth. Figure 7-23 shows the 
satellite capacity and percentage increase in satellite capacity with carrier bandwidth. The total 
system capacity that can be achieved has been reduced by 0.7% and 2.0% for carrier bandwidth
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of 2.75MHz and 1.375MHZ with respect to the reference carrier bandwidth of 5.5MHz, 
respectively. This corresponds to drop in total system capacity of 312, and 920 users for carrier 
bandwidths of 2.75MHz and 1.375MHz, respectively. Band segmenting the available 
bandwidth into sub-bands for MEO-12 system has little effect on total system capacity. 
Although, having the wider bandwidth with single carrier has the advantage of simpler 
handover as the user does not need to change the carrier frequency during handover.
Table 7-11: Variation in MEO-12 system capacity with carrier bandwidth
Bandwidth Mean number of users perCarrier Spotbeam Satellite System
5.500 MHz 63.0 63.0 3841 46094
2.750 MHz 31.3 62.5 3815 45782
1.375 MHz 15.4 61.7 3764 45174
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Figure 7-22: Percentage increase in MEO-12 system capacity with carrier bandwidth
7.2.2.6 Summary
This section addressed the system design and performance issues of MEO-12 constellation in 
the context of system capacity for the conventional band segmentation scheme. It was shown 
that higher multiple access interference received due to imperfect power control has resulted in 
reduction in system capacity. The system capacity can be increased by up to 20% by employing 
multiple spotbeam antennas with 127 spotbeams. By increasing number of spotbeams, the 
multiple access interference within a spotbeam has been reduced due to fewer users in that 
spotbeam. It was also shown that having wider carrier bandwidth has better bandwidth
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utilisation. Figure 7-23 shows the optimum capacity achievable with different number of 
spotbeams and varying carrier bandwidth.
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Figure 7-23: Optimum MEO-12 satellite capacity with number of spotbeams and bandwidth
7.3 Conventional band segmentation with adjacent polarisation
Additional capacity can be achieved for the mobile satellite systems by using the adjacent 
polarisation. This will further improve the capacity of the conventional band segmentation 
scheme by spreading the users multiple access interference into adjacent polarisation carriers. 
However, if the wanted satellite is shadowed the polarisation isolation is much lower that will 
result in higher multiple access interference. Nevertheless, the overall system capacity has been 
improved with this scheme.
7.3.1 Capacity of LEO-48 constellation
Table 7-12 presents the system capacity of the LEO-48 constellation for conventional band 
segmentation approach with adjacent polarisation. It can be observed that allowing users to 
operate in adjacent polarisation has increased the capacity of the system. The number of users 
per carrier has been decreased, which in effect has reduced multiple access interference. Thus 
increasing the system capacity. However, there is still some multiple access interference 
received from adjacent polarisation, which is proportional to the polarisation isolation. In a bad 
channel condition when the satellite is shadowed, high multiple access interference is received.
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Therefore limiting the increase in system capacity that can be achieved. Capacity increase of 
1,7% can be achieved for region 2 by realising adjacent polarisation.
Table 7-12; LEO-48 system capacity
Region Mean number of users per
Carrier Spotbeam Satellite
1-Europe 1 1 . 0 87.9 1670
2-North America 1 1 . 0 87.6 1664
3-South America 9.2 73.5 1397
4-Australia 10.4 83.0 1577
5-Asia 10.9 87.5 1663
6 -World 10.9 87.5 1663
7,3.2 Capacity of MEO-12 constellation
Capacity of MEO-12 constellation achieved for conventional band segmentation scheme with 
adjacent polarisation is given in Table 7-13. By using the adjacent polarisation to reduce the 
multiple access interference within a single carrier has resulted in a capacity increase of 
approximately 8.5%. Capacity of 6 8  users per spotbeam can be provided for region 2 compared 
to 63 users for the conventional band segmentation scheme. This resulted in an increase in 
capacity of five users per spotbeam. Thus improving the capacity of the satellite slightly.
Table 7-13: MEO-12 system capacity
Region Mean number of users per
Carrier Spotbeam Satellite
1-Europe 31.3 62.5 3814
2-North America 34.2 68.3 4167
3-South America 30.1 60.3 3677
4-Australia 29.5 59.1 3604
5-Asia 26.2 52.4 3198
6 -World 30.9 61.9 3775
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7A  New fully overlapped band sharing scheme
In this section, the new fully overlapped band sharing scheme is examined. This new technique 
enables mobile satellite systems, LEO-48 constellation and MEO-12 constellation, to share the 
available bandwidth with each other. Thus, allowing full utilisation of the available frequency 
spectmm. However, since the earner bandwidths of the both systems are fully overlapped, the 
inter-system multiple access interference is unavoidable. The effect of the intra- and inter­
system interference on the carrier to interference ratio and the overall system capacity is 
assessed,
7.4.1 LEO-48 constellation
7.4.1.1 Interference analysis
Figure 7-24 shows the received carrier power at the mobile terminal. The statistics of the 
received carrier are similar to those in the conventional band segmentation scheme. Figure 7-25 
presents the aggregate multiples access interference caused by the users within the LEO-48 
system and users in the MEO-12 system. The mean inter-system interference received from the 
external system, MEO-12, is approximately 5dB lower than the intra-system interference from 
within the wanted system. However, there are times when the inter-system interference peaks 
that will result in higher total multiple access interference received. This will cause drop in 
carrier to interference ratio below the protection ratio threshold. Thus effecting the quality of 
service and drop in system capacity. The major multiple access interference contribution is 
received from the users within the wanted system. Hence, the total interference is only slightly 
increased due to fully overlapped band sharing. This will have minimum effect on the overall 
carrier to interference ratio. Figure 7-26 illustrates the distribution of carrier to interference 
ratio achieved. As the overall carrier to interference ratio is limited by the internal interference 
of the LEO-48 system, the statistics of the carrier to interference ratio are similar to those 
achieved in the conventional band segmentation scheme.
Figure 7-27 shows the cumulative distribution of the carrier to interference ratio. The figure 
shows that the required quality of service is achieved for 95.2 % of the time for the new fully 
overlapped band shaiing scheme. Alternatively, for 95% of the time the C/(No+Io) of 49.0dB 
can be attained. The statistics of the received carrier power, aggregate multiple access 
interference density (intra- and inter-system interference) and the carrier to interference ratio 
are given in Table 7-14.
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Table 7-14: Statistics of the received carrier and inteiference density
Parameters Carrier power (dBW)
Interfei
Intra-system
'ence density (d 
Inter-system
3/Hz)
Aggregate
C/(No+Io)
(dB-Hz)
Mean -154.7 -209.3 -214.9 -208.1 4&8
Minimum -161.4 -213.7 -2 2 1 . 8 -2 1 2 . 2 42.6
Maximum -152.3 -205.6 -212.9 -204.9 51.6
Std Deviation 2.06 1.95 1.74 1.52 1.83
7.4.1,2 System capacity
The total system capacity achievable by LEO-48 in presence of external multiple access 
interference for fully overlapped band sharing scheme is given in Table 7-15. The capacity per 
canier of the system drops approximately by half. However, as there are twice as many carriers 
available in the allocated bandwidth due to band sharing the aggregate capacity per spotbeam 
has dropped slightly. This small drop in capacity is due to presence of inter-system multiple 
access inteiference from MEG-12 constellation. The total satellite capacity achieved with new 
fully overlapped band sharing scheme is 1633 users compared to 1637 users in conventional 
band segmentation scheme. This translates to percentage drop in capacity of 0,3% for LEO-48 
constellation. Hence, band sharing in fully overlapped scheme has negligible effect on total 
system capacity of the LEO-48 constellation.
Table 7-15: LEO-48 band shared system capacity
Region Mean number of users per
Caii'ier Spotbeam Satellite
1-Europe 10.7 85.2 1619
2-North America 10.7 85.9 1633
3-South America 8 . 8 70.0 1330
4-Australia 9.7 77.7 1477
5-Asia 10.7 854 1633
6 -World 1 0 .1 80.4 1528
7.4.1.3 Effect of power control error
Increase in standard deviation of the power control error of the users from the external system 
MEO-12 will in effect increase the received inter-system multiple access interference into the
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wanted mobile terminal of LEO-48 system. This will cause the system capacity to drop, as the 
total received interference density will increase significantly. Table 7-16 presents the results of 
the capacity per spotbeam for the new fully overlapped band shared scheme with power control 
error as the parameter. The capacity of the system has fallen by 7.1% and 15.2% for standard 
deviation of power control error of IdB and 2dB, respectively for fully overlapped band sharing 
scheme. However, with respect to conventional band segmentation scheme, the capacity is 
reduced slightly more to 7.4% and 15.5% for power control error of IdB and 2dB, respectively. 
Thus excess inter-system interference from MEO-12 constellation caused by imperfect power 
control has significantly reduced the total system capacity of the LEO-48 constellation.
The quality of service provided is reduced due to higher interference received with increasing 
power control error if the capacity is kept constant. This is illustrated in Figure 7-28 that shows 
the difference in the cumulative distribution function obtained with varying in the standard 
deviation of the power control error. The quality of service has dropped to 93.9% and 92.8% 
with an increase in power control error of IdB and 2dB, respectively. Therefore, to provide the 
required quality of service, the capacity of the system must drop to compensate the increase in 
multiple access interference. This is presented in Figure 7-29.
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Figure 7-28: CDF of C/(No+Io) with varying BER and power control error
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Table 7-16: LEO-48 band shared system capacity with power control error
Region
Mean number of users per spotbeam (per carrier) 
Std of power control error (dB)
0 . 0 1 .0 2 . 0
1 -Europe 85^ 79.1 72.2(10.7) (9.9) (9X»
2-North America 85.9 79.8 72.8(10.7) ( 1 0 .0 ) (9.1)
3-South America 70.0 65.0 59.3(8 .8 ) (8 .1) (7.4)
4-Australia 77.7 72.2 65.9(9.7) (9.0) (8 .2 )
5-Asia 85.9 79.8 72.8(10.7) ( 1 0 .0 ) (9 J)
6 -World 80.4 74.7 6 8 . 2( 1 0 .1) (9.3) (8.5)
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7.4.2 MEO-12 constellation
7,4,2.1 Interference analysis
Figure 7-30 shows the received carrier power received at the mobile terminal of the MEO-12 
constellation. The received power is slightly higher compared to conventional band 
segmentation scheme, as the transmit power of the user is increased to overcome the external 
multiple access interference from the users in LEO-48 constellation. Figure 7-31 illustrates the 
total multiple access interference density received at the wanted mobile teiTninal. The total 
interference received is the sum of intra- and inter-system interferences arriving from users 
within the wanted system and users from LEO-48 system, respectively. It can be observed in 
the figure that the external interference from LEO-48 is dominant. This is due to higher number 
of satellites visible to the mobile terminal causing excess interference. Satellites that are visible 
at high elevation angle will cause in-line interference (high levels of interference), whereas 
satellites with low elevation angle will result in side-lobe interference (low levels of 
interference). The aggiegate interference power from LEO-48 system reaching the mobile 
terminal receiver is proportional to the channel conditions of the interfering satellite in the 
direction of the wanted mobile tei*minal and the overlapping of the coverage areas of the 
satellite footprints. The worst-case interference event occurs when the mobile terminal is in the 
vicinity of several LEO-48 interfering satellites and they are in line of sight. The excess 
external interference will cause outage in the quality of service that will result in drop in 
capacity significantly.
Figure 7-32 illustrates the dynamic change in the received C/(No+Io) at the mobile terminal for 
fully overlapped band sharing scheme. The carrier to interference ratio is limited by the 
external interference. Hence, the statistics of the carrier to interference ratio aie different from 
the one achieved in conventional band segmentation scheme. It is worth pointing out that the 
very severe degradation levels experienced in the C/(No+Io) are caused by the in-line 
interference. Figure 7-33 shows the cumulative distribution function obtained with the 
proposed approach for the carrier to interference ratio. The results obtained show that the 
quality of service is achieved for 95.1% of the time with the proposed method.
Table 7-17 presents the statistics of the received canier power, total multiple access 
interference density including intra- and inter system interference, and carrier to interference 
ratio at the wanted mobile terminal receiver. The mean inter-system interference density 
received is approximately 3.0dB higher than the intra-system interference density. Hence, 
dominating the overall carrier to interference ratio.
112
-152
_  -154I
0)5 -156a
0)'E
-162 0 25 50 75 1 0 0 125
Time (minutes)
Figure 7-30: Received carrier power
25 50 75
Time (minutes)
10 0
-202
-204
X -206mS
o -208
I  "210
§ -212 (D
B internal lo External lo 
Total lo
-214c
-216
-218 L 125
Figure 7-31: Intra- and inter-system interference density received
113
50 75
Time (minutes)
1 0 0 125
Figure 7-32: Distribution of carrier to inteiference ratio
1.0
«  0.8
0.6
0.4
I
0.2Ol
0.0 38 4240 44 46 48 50 52
C/(No+lo) (dB-Hz)
Figure 7-33: Cumulative distribution of carrier to inteiference ratio
114
Table 7-17: Statistics of the received carrier and inteiference density
Parameters Canier power (dBW)
Interfei
Intra-system
■eiice density (d: 
Inter-system
3/Hz)
Aggregate
C/(No+Io)
(dB-Hz)
Mean -155.0 -210.4 -207.4 -205.4 47.3
Minimum -162.4 -217.6 -212.5 -210.7 40.0
Maximum -153.6 -207.5 -204.6 -202.9 50.0
Std Deviation 1.43 2.23 1.89 1.33 1.43
7.4.2.2 System capacity
Table 7-18 presents the total system capacity achieved by MEO-12 constellation in presence of 
external multiple access interference from LEO-48 constellation for fully overlapped band 
sharing scheme. The capacity of the MEO-12 system has been significantly reduced by the 
excess inter-system interference. This has resulted in 24.6% drop in system capacity using fully 
overlapped band sharing scheme compared to the capacity achieved using conventional band 
segmentation scheme for region 2, North America. Total capacity available per satellite has 
been reduced from 3841 to 2896 users by band sharing. Hence, band sharing in fully 
overlapped scheme has considerably reduced total system capacity of MEO-12 constellation 
due to high inter-system interference received.
Table 7-18: MEO-12 band shared system capacity
Region Mean number of users perCanier Spotbeam Satellite
1-Europe 20.7 41.4 2527
2-North America 23.7 47.5 2896
3-South America 2 0 . 2 40.5 2470
4-Australia 18.9 37.7 2300
5-Asia 14.7 29.3 1789
6 -World 2 0 . 2 40.5 2470
7.4.2.3 Effect of power control error
The quality of service provided is reduced due to high multiple access interference received by 
increase in the power control eiTor of the interfering system. Figure 7-34 shows the differences 
in the cumulative distribution function obtained with varying in the standard deviation of the 
power control error. It can be seen in the curves of the cumulative distribution function that the
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quality of service is reduced to 94.4% and 93.6% for an increase in power control eiTor of IdB 
and 2dB, respectively. This will lead to drop in capacity in order to maintain the required 
quality of service. The differences are reflected in Figure 7-35, that shows the obtained 
cumulative distribution curves for the required quality of service with reduced capacity.
The capacities of the system with an increase in standard deviation of the power control error 
are given Table 7-19. The band shared capacity of the system has been reduced by 12.7% and 
24.7% for increase in power control error of IdB and 2dB, respectively. However, the overall 
drop in system capacity is 34.2% and 43.1% for power control error of IdB and 2dB with fully 
overlapped band sharing scheme. Therefore, increase in inter-system interference caused by 
increase in power control en*or in LEO-48 has severally reduced the system capacity.
Table 7-19: MEO-12 band shared system capacity with power control error
Region
Mean number o 
Std of
f  users per spotbeam (per carrier) 
)Ower control error (dB)
0 . 0 1 .0 2 . 0
1-Europe 41.4 36.3 31.7(20.7) ( 1 &2 ) (15.8)
2-North America 47.5 41.4 35.8(23.7) (20.7) (17.9)
3-South America 40.5 36.3 31.7(2 0 .2 ) (18.2) (15.8)
4-Australia 37.7 33.5 29.3(1&9) (16.8) (14.7)
5-Asia 29.3 26.1 23.3(14.7) (13 0) ( 1 1 .6 )
6 -World 40.5 35.8 31.2(2 0 .2 ) (1T9) (15.6)
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7.5 Enhanced overlapped band sharing scheme
In the earlier section, the new fully overlapped band sharing scheme was examined. Here the 
performance of the proposed enhanced overlapped band sharing scheme to maximise the 
capacity of the system by suppressing the inter-system interference is evaluated. Therefore, 
increasing the overall system capacity. The effect of intra- and inter-system interferences on the
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earner to interference ratio and the overall system capacity with this enhanced approach is 
examined.
7.5.1 LEO-48 constellation
7.5.1.1 Interference analysis
Presented in Figure 7-36 is the received canier power of the LEO-48 system in an enhanced 
band sharing scheme. It can be observed in the plot that the power of the carrier is slightly 
lower than that of a fully overlapped band sharing scheme. This is due to lower multiple access 
interference received at the mobile terminal. Illustrated in Figure 7-37 is the total multiple 
access interference density received, which includes intra- and inter-system interferences. It can 
be seen that the received inter-system interference from MEO-12 constellation in adjacent 
polarisation is much lower than the intra-system interference. Hence, the external interference 
density has very little effect on the aggregate interference density. Also from the graph, it can 
be observed that the high in-line interference received from MEO-12 system in fully overlapped 
band shared scheme has now been reduced due to good polarisation isolation when the signal is 
in line of sight. Whereas the interference from shadowed MEO-12 satellites is slightly higher 
due to low polarisation isolation. However, as the satellite is shadowed, the inteiference 
received is already below the threshold. Therefore, the dynamic range of the inter-system 
interference is reduced (i.e. the standard deviation of the interference is decreased). In both 
cases, whether the satellite is shadowed or line of sight, the interference has been reduced.
Figure 7-38 shows the measured caiTier to interference signal levels for enhanced band shai'ing 
scheme. As the carrier to interference is dominated by the intra-system interference, the 
distribution of the carrier to inteiference is similar to that achieved in fully overlapped band 
sharing scheme. The cumulative distribution function of the carrier to interference ratio is 
illustrated in Figure 7-39. The quality of service is provided for 95.4% of the time, which is 
slightly better than that achieved for fully overlapped band sharing scheme.
Table 7-20 presents the statistics of the received carrier power, intra- and inter-system 
interferences and the overall carrier to interference ratio. Comparing these results with that of 
fully overlapped band sharing scheme, it can be observed that the statistics of the received 
carrier power and intra-system interference are similai-.
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Table 7-20: Statistics of the received carrier and inteiference density
Parameters Carrier power (dBW)
Interfei
Intra-system
ence density (d 
Inter-system
3/Hz)
Aggregate
C/(No+Io)
(dB-Hz)
Mean -155.0 -209.3 -225.5 -209.2 48.8
Minimum -161.7 -213.7 -227.7 -213.4 42.8
Maximum -152.7 -205.6 -223.5 -205.6 51.4
Std Deviation 2.06 1.95 1,04 1.89 1.81
7,5.1.2 System capacity
Table 7-21 shows the capacity results of the LEO-48 constellation for enhanced band sharing 
scheme. The capacity of the system has been increased by band sharing due to reduction in the 
inter-system interference. Capacity increase of 8.5% is achieved for region 2 compared to the 
capacity achieved in conventional band sharing scheme. However, comparing the capacity of 
conventional band segmentation scheme with adjacent polarisation, the increase in capacity is 
slightly lower at 6.7%. The total gain in capacity of six users per spotbeam has been achieved. 
The capacity enhancement has improved the bandwidth utilisation by band sharing the 
allocated frequency spectram.
Table 7-21: LEO-48 System capacity
Region Mean number of users perCanier Spotbeam Satellite
1-Europe 11.4 91.5 1738
2-North America 11.7 93.5 1777
3-South America 9.5 76.4 1451
4-Australia 10.9 87.1 1656
5-Asia 1 1 . 6 93.0 1767
6 -World 11.5 92.0 1748
7,5.2 MEO-12 constellation
7.5.2.1 Interference analysis
Figure 7-40 shows the received earner at the wanted mobile terminal of MEO-12 system. It is 
clearly visible that the mean canier power has been reduced by approximately 1.2dB due to 
lower multiple access interference received. Figure 7-41 presents the total interference density 
received at the wanted mobile terminal. It can be observed from the figure that the inter-system
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interference received from the LEO-48 constellation has been significantly reduced. The high 
visibility of the satellites in LEO-48 constellation (i.e. high satellite mean elevation angles) has 
resulted in increase of interference in fully overlapped band sharing scheme. However, in an 
enhanced band shaiing scheme, the interference received from the line of sight satellites (in­
line inteiference) has been significantly reduced due to high polarisation isolation. Hence, the 
aggregate interference density is now dominated by the intra-system interference. Therefore 
reduction in inter-system inteiference has resulted in increased in system capacity due to higher 
carrier to interference ratio achieved.
Figure 7-42 shows the dynamic change in the measured carrier to interference ratio. The profile 
of the carrier to interference is different from the one achieved in fully overlapped band sharing 
scheme due to intra-system interference dominating the ratio. However, the profile is similar to 
the one achieved in conventional band segiuentation scheme. Figure 7-43 present the 
cumulative distribution of the earner to interference ratio. The results show that 95.1% of the 
time, the quality of service is provided with increase in the total system capacity.
The statistics of the received carrier power, total multiple access interference density and 
caiTier to interference ratio are given Table 7-22. It is worth pointing out here that the inter- 
system interference received is approximately 5dB lower than the intra-system interference. 
This has resulted in an increase in overall carrier to inteiference ratio. Thus increasing the total 
system capacity of the MEO-12 constellation that will provide the required quality of service.
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Table 7-22: Statistics of the received carrier and inteiference density
Parameters Carrier power (dBW)
Interfei
Intra-system
ence density (d: 
Inter-system
3/Hz)
Aggregate
C/(No+Io)
(dB-Hz)
Mean -156.7 -210.4 -215.7 -209.2 47.0
Minimum -164.1 -217.6 -218.2 -214.5 40.6
Maximum -155.4 -207.5 -213.7 -206.7 4&8
Std Deviation 1.43 2 J3 0.89 1.65 1.26
7,5,2,2 System capacity
The capacity achieved by MEO-12 constellation in an enhanced band sharing scheme is given 
in Table 7-23. The capacity of the system has been increased by 11.2 % by band sharing 
compared to conventional band segmentation scheme. The inter-system interference received 
from LEO-48 constellation has been significantly reduced. This has resulted in capacity gain of 
approximately 30 users per spotbeam. However, for the case of conventional band segmentation 
with adjacent polaiisation, capacity increase of only 2.5% is achieved. Band sharing has 
resulted in efficiently using the available bandwidth by increasing the total capacity of the 
system.
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Table 7-23: MEO-12 System capacity
Region Mean number of users perCarrier Spotbeam Satellite
1-Europe 31.9 63.8 3895
2-North America 35.0 70.0 4271
3-South America 30.6 61.3 3737
4-Australia 30.1 60.3 3676
5-Asia 26.8 53.7 3274
6 -World 31.6 633 3861
7.6 Summary
111 this chapter, performance evaluation and comparison of the proposed band shaiing schemes 
for the satellite-PCN constellation was presented. Using the performance of the conventional 
band segmentation scheme as a starting point, performance comparison of the fully overlapped 
band sharing scheme and enhanced band sharing scheme were evaluated. It was shown that the 
inter-system interference degraded the system capacity of the MEO-12 constellation for fully 
overlapped band sharing scheme. However, it is feasible to have multiple mobile satellites 
systems sharing the allocated frequency spectmm. The enhanced band shai'ing scheme 
significantly improved the performance of the S-PCN constellation. The capacity achieved was 
superior compared to the capacity obtained with the conventional band segmentation scheme. 
Thus efficiently utilising the limited available frequency spectrum to S-PCNs.
Figure 7-44 compares the results of the system capacity achieved by LEO-48 and MEO-12 
constellations for band sharing schemes. The figure shows capacity increase of 8.5% and 
11.2% for the LEO-48 and MEO-12 constellation, respectively. This translates into overall 
capacity gain of 10.5% for both the LEO-48 and MEO-12 constellation.
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Chapter 8 
8. Conclusions and future work
This chapter concludes the work described in the previous chapters of this PhD thesis. It mainly 
focuses on the objectives and the achievements of this work. Possible extensions of the work, 
along with the publications list, are also presented.
8.1 Objectives
The objectives are repeated from the first chapter for direct comparison with the achievements, 
which follow:
• Interference analysis for the MSS. Development of a new model for the multiple access 
interference that takes into account all possible sources of interference. The model evaluates 
the effect of intra- and inter-system interference on the earner to inteiference ratio. The 
performance of the carrier to interference is measured under imperfect power control 
conditions.
® Capacity of the MSS: Using the multiple access interference models developed, the upper 
bound capacity of the MSS can be calculated. The effect of Intra- and inter-system 
interference on the system capacity has been evaluated.
• Band sharing between MSS: To efficiently use the limited available bandwidth and 
maximise the system capacity, new band sharing schemes have been proposed to overcome 
the received intra- and inter-system interference. Therefore achieving the optimum system 
capacity.
8.2 Major achievements
The following points consist of the achievements of this work, as discussed in the previous 
chapters:
• Proposal of a new fully overlapped band sharing scheme. It was shown that this new fully 
overlapped band sharing scheme is feasible and that multiple MSS can share the available 
frequency spectrum. However, due to excess inter-system interference, the capacity of the 
MEO-12 constellation has dropped. Whereas, the capacity of the LEO-48 constellation was 
only slightly affected
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• Proposal of a new enhanced overlapped band sharing scheme is the most significant 
contribution. The performance of this scheme outperforms the conventional band 
segmentation scheme. The capacity achieved is significantly increased due to band sharing.
• Calculation of the upper bound capacity for all of the band sharing schemes for performance 
comparison. Band sharing enhanced the capacity achieved for the LEO-48 constellation and 
MEO-12 constellation.
• State of art interference model developed. Derivation of intra- and inter system interference 
models that were implemented in an Interference Simulation Program (ISP). The ISP takes 
into account interference from all known sources that degiade the overall carrier to 
interference ratio. This makes ISP a powerful tool for the simulation of any constellation 
design.
• Evaluation of satellite diversity gain for LEO-48 constellation. It was shown that fading and 
shadowing can be overcome by employing satellite diversity. Hence, reducing the link 
margin and providing required quality of service. Thus resulting in significantly higher 
system capacity by using satellite diversity.
• Development of a new wide band land mobile satellite channel model is another major 
contribution. A Four state Markov model with azimuth correlation has been developed for 
dual satellite diversity. The channel model developed has been used in the hardware to 
emulate a “Real-time Dynamic Satellite Channel”. Thus allowing manufacturers to be able 
to type-approve, test and optimise performance under realistic conditions through the use of 
the Real-Time Dynamic Satellite Channel Emulator. Figure 8-1 shows the Satellite Channel 
Emulator and monitoring Graphical User Interface windows for SCE.
• An advanced satellite-based UMTS testbed to demonstrate the W-CDMA air interface test 
procedures for S-UMTS services.
• Demonstration of the call set-up, call release and bandwidth-on-demand procedures using 
the advanced satellite-UMTS testbed for the CDMA air interface. The performance of the 
protocols was measured for the LEO, MEO and GEO constellations.
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8.3 Future work
The work done in this thesis can be taken further to improve both performance and capacity.
The major area is to include more sophisticated means to reduce or even avoid interference.
Among the methods that can be considered are:
• Optimum Multiuser Detection which take advantage of the knowledge of all signature 
waveforms to demodulate all the signals jointly and essentially eliminate multiple 
access interference, or at least reduce its effect significantly. Thus increasing spectral 
efficiency and decreasing required output power. Multiuser detection is also known as 
co-channel interference suppression, multiuser demodulation and interference 
cancellation.
• Blind Adaptive Mutiuser Detection has the advantage that it can operate without the 
knowledge of the channel input. Hence, does not require the signature waveforms of 
the interfering users. This is most suitable in band sharing scenarios, as the information 
about the interfering signature waveforms of the external system is unknown. 
Therefore, this will ease the implementation of the algorithm in band sharing scenario.
• Smart Antennas to provide additional link gain and interference suppression. The 
interference received from the adjacent satellites is received through side lobes of the 
antenna. Hence, smart antennas that can realise that the interference is coming from 
outside the coverage area can suppress that interference will result in gain in capacity.
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Improved and adaptive air interfaces. Use of codecs that are able to change their 
characteristics to give better performance under reduced carrier to interference ratio 
due to excess inter-system interference. Also better channel coding techniques such as 
Turbo codes.
In this thesis, band sharing between non-geostationary CDMA based S-PCNs has been studied. 
One significant advantage of the CDMA scheme is its potential ability to co-exist with other 
narrowband system. CDMA systems aie relatively tolerant to naiTowband interference due to 
their inherent processing gain, and interference from CDMA systems to narrowband systems is 
minimised by spectrum spreading. Therefore, similar studies can be cairied out for band 
sharing between CDMA channels and conventional nanow band channels of the TDMA or 
FDMA system.
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Appendix A
A. SPOC+
The program known as Simulation Program for Orbital Constellations Plus (SPOC+) is a 
Satellite Personal Communications Network (S-PCN) simulation package developed by CCSR 
at the University of Surrey. The SPOC+ program was written specifically to model dynamic 
satellite constellations (DSC) to aid the design and simulation of new and existing constellation 
concepts for global communications. The tool is based on simulation of satellite movement in 
future time. Its capabilities include the modelling of dynamic satellite constellations and 
window connectivities of DCS’s with earth stations. The package also provides statistics 
concerning global satellite diversity, spotbeam coverage diversity and graphical module can 
provide instantaneous snap shots of constellation coverage areas and sub-satellite track over 
any specified period. The SPOC+ attributes are as follows:
• A module for performing the analysis of the coverage capabilities of a constellation. 
The program takes an area on the surface of the earth and then calculates the 
percentage of time for which that area is covered by the constellation.
• A module for tracking each satellite and its footprint for every step.
• A module for providing velocity budget for orbital correction which are required to 
correct orbit deviations caused by perturbations. This module outputs the velocity 
increment needed to restore the satellite to its desired position in the orbit along with a 
prediction in time of the eclipse condition due to the shadow of the earth.
• A module for satellite diversity produces the diversity statistics for any DSC and for 
any minimum elevation angle specified by the user.
• Models connectivities between DSC and earth station for various minimum elevation 
angles.
• Displays current position and coverage area for all satellites in the constellation,
A. 1 Constellation parameters
Sets of parameters that specify the constellation structure are used as input to the SPOC+ for 
simulation of the particular constellation. Figure A-1 shows the parameters required to describe 
a circulai' constellation. The angle T  represents the earth centred angle between satellites in the 
same plane. For a constellation plane containing N satellites 'F is given by:
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Y = 36ÜN A-1
The angle Ü. represents the difference in the Right Angle of the Ascending Node (RAAN) 
between two adjacent planes. For a constellation containing M orbital planes O can be O, for 
inclined orbits or O2 for polar orbit depending on the design of the constellation.
A-2
A-3
l-b
2-a
2-c
Figure A-1: Satellite constellation parameters
The angle O represents the phase angle difference between the satellites in adjacent planes. 
Consider plane 1 shifted around so that it lies on plane 2, the angle 0  is the earth centred angle 
between satellites 1-a and 2-a. Finally the inclination angle, i, determines how high in latitude 
the orbital planes passes through (i.e. the maximum latitude reached by satellite in an orbital 
plane corresponds directly to the inclination angle of the plane). With inclined orbits, the 
inclination angle can be optimised to provide better coverage over regions where traffic is 
expected to be very high. When the inclination angle of an orbit is less than 90° it is called a 
pro-g)‘ade orbit. Orbits with inclination angles greater than 90° are retro-grade orbits. When a 
satellite is inclined at 90° it is said to be in a polar orbit. Each orbital plane is defined 
separately in terms of the following parameters:
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Altitude - this parameter specifies the height of the orbit above the earth’s surface.
Inclination angle - The angle of the orbital plane with respect to equator.
Number o f satellites - The number of satellites in the orbital plane. The satellites are distributed 
evenly within the 360 degrees of the plane.
RAAN - Right Ascension of the Ascending Node. It is measured from the Vernal Equinox to the 
ascending node. The ascending node is the point where the satellite passes through the 
equatorial plane moving from south to north. Right ascension is measured as a right-handed 
notation about the pole.
Mean Anomaly - represents the fraction of an orbit period that has elapsed since perigee. For a 
circular orbit the mean anomaly equals the true anomaly.
Argument o f Perigee (elliptical orbits)- The angle from the ascending node to the eccentricity 
vector measured in the direction of the satellite motion. The eccentricity vector points from the 
centre of the Earth to perigee with a magnitude equal to the eccentricity of the orbit.
Eccentricity (elliptical orbits)- Defines the shape of the ellipse.
A.2 Iridium
Iridium is the first tmly global communications system and its design is based on street o f 
coverage technique [HATL93, HUTC95, ARMB96]. It contains 6 6  satellites at an altitude of 
780km. The 6 6  satellites are distributed evenly in 6  polar orbit planes (orbital planes are near- 
polar with an inclination of 8 6  degrees). The minimum elevation angle of 8.2 degrees is 
provided to ensure global coverage. The satellites of the Iridium system have complete 
information transference by utilisation of inter-satellite links, which makes the system a 
network in the sky. Iridium is the only system that has on-board processing with switching via 
cross-links. The system uses Time Division Multiple Access (TDMA) as the multiple access 
scheme. The connections to the terrestrial telephone network would be via fixed earth stations. 
Table A-1 summarises the Iridium constellation parameters and Figure A-2 shows the earth 
coverage of the Iridium Constellation.
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Table A -1: Iridium constellation
Parameters Values
Constellation type LEO (street of coverage)
No. of sat. in constellation 6 6
No. of orbital planes 6
No. of sat. per orbital plane 11
Altitude (km) 780
Inclination angle (deg) 8 6
Orbit period (minutes) 102.5
Min. elevation angle (deg) 8 . 2
No. of antenna beams/sat. 48
User uplink freq. band L-Band
User downlink freq. band L-Band
Link to ES (gateway) Ka-Band
Multiple access scheme TDMA/TDM
Other characteristics: - On board processing
- Inter-satellite links (ISL)
- Global coverage
A.3 ICO
Figure A-2: Satellite coverage of Iridium constellation
The ICO system [JOHA95, BERM98] uses medium earth orbit (MEG) constellation at an 
altitude of 10,355km above the earth’s surface, with 10 satellites arranged in two planes at an
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inclination of 45 degrees. The ICO system has been designed to provide coverage of the entire 
surface of the earth at all times with a minimum elevation angle of 10 degrees. The system 
proposed to use TDMA as the access scheme and also utilises simple bent-pipe architecture. 
The ICO system parameters are given in Table A-2 and Figure A-3 presents the satellite earth 
coverage.
Table A-2: ICO constellation
Parameters Values
Constellation type MEO
No. of sat. in constellation 1 0
No. of orbital planes 2
No. of sat. per orbital plane 5
Altitude (km) 10,355
Inclination angle (deg) 45
Orbit period (hours) 6
Min. elevation angle (deg) 1 0
No. of antenna beams/sat. 169
User uplink freq. band S-band
User downlink freq. band S-band
Link to ES (gateway) C-Band
Multiple access scheme TDMA/FDD
Other characteristics: - Resonant orbit period
Figure A-3: Satellite coverage of ICO constellation
136
Appendix B
B. Parameters of the LOS signal
Table B-1: Open environment direct path parameters
Elevation
angle Time Share of shadowing
Good and bad duration Rice
Factor
Shadowed
Raleigh/Lognormal
Dg/(m) Db/(m) lii(dB) a(dB)
15 0.0602 74.1085 4.7503 10.3586 -17.8424 1.9308
30 0.2651 46.9197 16.9221 5.9342 -17.957 2.9874
60 0.0106 890.0721 9.498 11.7675 -17.7389 1.9555
80 0.0251 111.5165 2.8658 12.7098 -17.9762 1.4246
Table B-2: Suburban environment direct path parameters
Elevation
angle
Time Share 
of shadowing
Good and bad duration Rice
Factor
Shadowed
Raleigh/Lognormal
Dg/(m) Db/(m) |i(dB) <j(dB)
15 0.2998 8.8198 3.7764 6.7137 -16.6412 2.1371
30 0.3305 3.9102 1.9306 4.6986 -14.416 2.4372
60 0.0975 14.6098 1.5778 9.0118 -17.9758 1.9999
80 0.2914 9.5497 3.9268 7.9055 -17.4969 2.1226
Table B-3: Urban environment direct path parameters
Elevation
angle
Time Share 
of shadowing
Good and bad duration Rice
Factor
Shadowed
Raleigh/Lognormal
Dg/(m) Db/(m) p(dB) a(dB)
30 0.2653 9.6301 3.4781 6.3031 -16.8527 2.4279
45 0.6211 5.5217 9.0514 3.5162 -15.6691 2.6542
60 0.1676 10.6736 2.1491 11.9791 -18.2058 1.9362
80 0.0786 19.8078 1.6902 11.7973 -18.3383 1.8233
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Table B-4: Lightly wooded environment direct path parameters
Elevation
angle
Time Share 
of shadowing
Good and bad duration Rice
Factor
Shadowed
Raleigh/Lognormal
Dg/(m) Db/(m) K(dB) a(dB)
15 0.6443 4.0605 7.3545 6.1886 -13.4838 2.3362
30 0.5579 3.8567 4.8669 2.949 -13.3566 2.6441
60 0.2116 5.7035 1.5304 7.3651 -18.1762 2.2948
80 0.0084 84.6854 0.7177 12.3782 -18.3232 1.4262
Table B-5: Highly wooded environment direct path parameters
Elevation
angle
Time Share 
of shadowing
Good and bad duration Rice
Factor
Shadowed
Raleigh/Lognormal
Dg/(m) Db/(m) F(dB) G(dB)
15 0.8275 4.4522 21.356 2.4856 -9.6429 3.2648
45 0.612 3.6495 5.7557 5.0917 -13.5854 2.5659
60 0.2834 4.7531 1 . 8 8 4.3612 -16.8 2.9093
80 0.1612 7.7342 1.4868 6.3362 -18.0026 2.6121
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Appendix C
C. Parameters of near echoes
Table C-1: Open environment near echo parameters
Echo
Parameter
N(")
Poisson Max. Delay
Delay
exp. S(i:)
Elevation
angle X Tc (nsec) b (nsec) SO (dB) d(dB)
15 1.4358 93.1731 0.0384 -17.3293 15.4879
30 1.3278 87,6159 0.0371 -16.8247 15.32
60 1.4337 89.8717 0.0433 -17.9473 14.4964
80 1.6432 101.5202 0.0447 -17.9054 14.4891
Table C-2: Suburban environment near echo parameters
Echo
Parameter
N(")
Poisson Max. Delay
Delay
exp. S(T)
Elevation
angle X Tc (nsec) b (psec) SO (dB) d(dB)
15 1.2582 81.6374 0.0341 -15.7598 15.5909
30 0.6837 54.2355 0.0205 -13.26 16.1698
60 1.543 96.9288 0.0426 -19.9496 13.9988
80 1.3682 89.7259 0.0388 -19.5439 13.7984
Table C-3: Urban environment near echo parameters
Echo
Parameter
N(")
Poisson Max. Delay
Delay Af"  ^
exp. S(%)
Elevation
angle X Tc (nsec) b (nsec) SO (dB) d(dB)
30 1.1811 80.2891 0.0335 -18.8222 14.3325
45 0.9841 67.8061 0.0289 -18.2478 13.6025
60 1.5013 95.3197 0.0422 -21.4119 12.9269
80 1.6395 98.691 0.0441 -21.9008 12,6893
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Table C-4: Lightly wooded environment near echo parameters
Echo
Parameter
N(")
Poisson Max. Delay
Delay At "^^ 
exp. S(T)
Elevation
angle X Tc (nsec) b (nsec) SO (dB) d(dB)
15 0.7612 58.6286 0.0224 -11.9266 16.43
30 0.6961 55.8435 0 . 0 2 1 -12.4458 16.0274
60 1.3442 87.2672 0.0385 -18.2857 14.0895
80 1.6912 108.7595 0.0477 -20.4961 13.9453
Table C-5: Heavily wooded environment near echo parameters
Echo
Parameter Poisson Max. Delay
Delay At "^^ 
exp. S(T)
Elevation
angle X Tc(nsec) b (nsec) SO (dB) d(dB)
15 0.5012 42.5646 0.0151 -8.4569 16.4129
45 0.7304 56.5247 0 . 0 2 1 2 -12.037 16.4164
60 1.1808 74.1404 0.0314 -17.4737 14.4781
80 1.5607 91.5619 0.0401 -19.2477 14.0033
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Appendix D
D. Real-time Dynamic Satellite Channel 
Emulator and Satellite Interference Emulator
Figure D-I: RDSCE
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Table D-1: Specifications o f the RDSCE
Parameter Performance
Number of links 2  forward, 2  return
Return link input power 1.2 dBm max
Forward link input power 1.2 dBm max
Link Gain 0 dBm ±3 dB
IF centre frequency 140 MHz
System bandwidth 10 MHz
Signal to Noise Ratio 105 dB/Hz (38 dB/5 MHz) @ full scale input
In-band spurious -40 dBc max
Input/output isolation 70 dB max
Delay range 2 - 250 msec
Delay resolution 16.666 nsec
Delay slew rate 0.625 jLis/msec
Delay accuracy per 10 MHz ref.
Phase shift/20 nsec delay step 72 deg
Doppler range ±500 kHz
Doppler resolution 1 Hz
Doppler slew rate 12 kHz/sec
Doppler absolute accuracy per 10 MHz ref.
Doppler relative accuracy 0.1 Hz
Path loss attenuation range 0 to 40 dB
Flat fading attenuation range 0 to 40 dB
Attenuation resolution 0.5 dB
Attenuation slew rate 50 dB/msec
Attenuation accuracy ±0.25 dB
Profile hold-off range 0.5 - 40 ms
Profile hold-off resolution 1 ms max.
Profile update rate 40 ms
Update rate accuracy per external sync signal
Profile duration 2.5 hr for 40 msec profile update rate
Thermal noise range - 8 8  dBm/Hz to - 6 8  dBm/Hz
Multipath delay spread 0  - 1 0 0  las
Fading bandwidth 0 - 200 Hz
Rician K factor 0 to 12 dB
K factor resolution 1 dB
Path attenuation 0 -2 7  dB
Number of paths 3 per link
Control interface IEEE-802.3 for delay Generator 
IEEE-488 for Fading Emulators
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Figure D-2: Satellite Interference Emulator
Table D-2: Spécifications of the SIE
Parameter Performance
Frequency range lOOHz-500 MHz
Power 4-lOdBm (-77dBm/Hz)
Flatness ±1.5dB
Attenuation range 50dB
Number of channels 4
CHANNEL STATE
SATELLITE 1 | SATELLITE 2
H ad (i(H id B ad ( itx id M T• # e e F E S
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Figure D-3: RDSCE monitoring display
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Appendix E
E. CDMA Modems
The CDMA modems used in this trial were built by Alcatel in the ACTS project SINUS. Each 
modem (MT and FES side) consists of two dedicated boards installed on Win NT PC platforms. 
The SINCONV card provides analogue interfaces with the IF up/down converters, using A/D 
and D/A Converters for Rx and Tx filters. The SINTRAIT cards are implemented in 
reconfigurable hardware by means of six FPGA with a capacity of 264000 equivalent gates. It 
is programmed to perform all the digital processing of the CDMA layers. Figure E-1 shows a 
snapshot of the MT and FES hardware installations. An example of the baseband output 
spectrum from the modems is given in Figure E-2. The characteristics of the CDMA carrier are 
tabulated in Table E-1. Figure E-3 gives the overview of the configuration used in the CDMA 
trial. The SCE is connected with the testbed on 140 MHz IF.
%
Figure E-I: MT and FES hardware terminals
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Figure E-2: Modulator output spectrum, measured at baseband
Table E-I: CDMA carrier characteristics
Carrier type CDMA
Modulation type QPSK
Information rate 144 kb/s
Chip rate 4.300 k chips/s
Data rate 144 kb/s
FEC */2 punct
Transmission rate 144 kb/s
Noise BW 4.800 kHz
Allocated BW 4.800 kHz
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Figure E-3: Testbed set-up used for the CDMA test over a SCE
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Figure E-4: MT and FES CDMA hardware and software block diagram
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Appendix F
F. Network Layer Results
Table F-1: Call set-up delay (seconds)
Type LEO MEO GEO
Run 1 2 2 2 2 25
Run 2 2 1 23 26
Run 3 2 1 24 26
Run 4 2 2 23 25
Run 5 2 0 2 2 26
Run 6 2 1 23 25
Run 7 2 1 2 2 26
Run 8 2 2 23 26
Average Delay 21.25 22,75 25,625
Estimated Delay 2 1 22.254 25.484
Table F-2: Call release delay (seconds)
Type LEO MEO GEO
Run 1 19 2 0 23
Run 2 19 Failed 23
Run 3 19 2 0 23
Run 4 19 2 0 Failed
Run 5 19 2 0 23
Run 6 Failed' 2 0 23
Run 7 19 Failed 23
Run 8 19 2 0 23
Average Delay 19 2 0 23
Estimated Delay 19 19.924 22.304
Failures due to irrecoverable loss of synchronisation during release procedure
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Table F-3: Bandwidth-On-Demand - Delay to service provided (seconds)
Type LEO MEO GEO
Run 1 19 2 0 23
Run 2 19 2 0 23
Run 3 19 2 0 23
Run 4 19 2 0 23
Run 5 19 2 0 23
Average Delay 19 2 0 23
Estimated Delay 19 19.924 22.304
Table F-4: Bandwidth-On-Demand - Delay to service requested (seconds)
Type LEO MEO GEO
Run 1 9 9 1 0
Run 2 9 9 1 0
Run 3 9 9 1 0
Run 4 9 9 1 0
Run 5 9 9 1 0
Average Delay 9 9 1 0
Estimated Delay 9 9.33 10.18
Table F-5: Total call set-up delay (seconds)
Type LEO MEO GEO
No BoD -  max delay^ 2 2 24 26
With BoD - delay 34 34 38
 ^Assumes user takes 5 s to choose new resource
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